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PREFACE 


The specialty of veterinary clinical pathology involves the sciences of basic pathology, hematol- 
ogy, dm tea I chemistry, cytology, and surgical pathology. The expertise of a veterinary clinical 
pathologist falls within two broad, areas: (l) the generation of laboratory data, and (2) the interpre- 
tation of laboratory data. This textbook is focused on the Latter, although analytical methods and 
concepts are provided so that the reader can better understand and interpret the results that are 
generated. Pertinent physiologic processes are also summarized so that pathologic alterations are 
better understood. 

In most veterinary curricula, the educational objectives for the instruction in clinical pathology 
emphasize the interpretation of laboratory data. This textbook grew out of nearly 20 years of 
teaching a sophomore clinical pathology course that had these major goals lor students: 

* List or describe the clinical laboratory assays that are used to detect, define, or evaluate patho- 
logic states in domestic animals. 

* List or describe pathophysiologic syndromes, diseases, or other conditions that should he con- 
sidered when results of clinical laboratory assays are abnormal. 

* Explain the pathologic and non- pathologic (physiologic, procedural) processes that result in 
abnormal laboratory data, 

* Identify via microscopy the cells, organisms, and other structures in clinical samples that indi- 
cate or suggest the presence of common pathologic states. 

The tide of this textbook., Fundamentals of Veterinary Clinical Pathology^ was chosen because the 
book provides Information to assist students and veterinarians in gaining a fundamental under- 
standing of laboratory test results. In this context, fundamental should not be translated as simple, 
because fundamental understandings can require knowledge of many facts and cheif relationships. 

'I 'he prevailing rheme throughout the book h explanation of the pathologic, physiologic, or analyt- 
ical mechanisms responsible for abnormal laboratory data. Such information provides a fundamen- 
tal understanding of laboratory data, diseases, and case management decisions. When the funda- 
mental mechanisms are known and understood, the veterinarian is usually able to apply his or her 
knowledge to many species and disease variants. In this textbook, we limited the species content to 
the four major domestic mammals (dogs, cats,, horses., and cat del, but most of the pathologic and 
non -pa tho logic processes occur in all mammals and in other animals. 

Hie amount of information that must be understood to interpret laboratory data accurately can 
be overwhelming^ especially for the sophomore veterinary student. When this textbook is used .as 
an educational resource in a veterinary curriculum, course faculty are encouraged to use case-based 
discussions or clinical learning experiences so the facts and concepts can he learned in context and 
directed towards their application to the common disorders in veterinary medicine. With a basic 
understanding of pathologic processes and frequent practice applying facts and concepts, veterinar- 
ians can develop expertise in the interpretation of laboratory data. 

This textbook concentrates on the laboratory data that relate to the disciplines of hematology 
and clinical chemistry Chapters on the analysis of peritoneal, pleural* synovial, and cerebrospinal 
fluids, and on the microscopic examination of biopsy samples were excluded because several recent 
well- written and well-illustrated books already focus on these diagnostic procedures. 

The extern to which one should reference facts and concepts in textbooks can be controversial; 
selecting the most appropriate reference from many possible ones can be challenging. We attempt- 
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ed to cite references that document major facts and concepts or that provide additional informa- 
tion about certain processes, disorders, or diseases. The references we considered most appropriate 
varied with the topic and purpose of each citation, arid included original articles, recent articles, 
review articles, and textbooks. 

Many people choose academia tor a career because of the opportunity to work in a menially 
stimulating environment in which learning h a common goal. We discovered that the writing of 
this textbook was a great learning experience. We hope our efforts will facilitate learning by many 
others. 
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Table LI. Abbreviations arid symbols in Chaplet I 



free thyroxine concentration by equilibrium dialysis 

M 

concentration of x; x • analyte 

cv 

coefficient of variation 

FN 

false negative 

FP 

false positive 

n\ 

free thyroxine 

Her 

hematocrit 

1FGG 

International Federation of Clinical Chemistry 

I LI PAG 

International Union of Pure and Applied Chemistry 

PV() 

predictive value of negative test 

PV( + ) 

predictive value of positive test 

ROC 

receiver operating characteristic 

sd 

standard deviation 

ST 

Sysiinie International d 1 Unites 

T, 

triiodothyronine 

TN 

true negative 

TP 

true positive 

TRH 

thyrotropin releasing hormone 

iT 4 

total thyroxine 

U 

iiKcrnational unit 

URL 

upper reference limit 

USD 

usual standard deviation 

WR1 

within reference interval 


Note: See Table 1,3 for abbreviations of units of measurement and figure legends for abbreviations 
unique co figures „ 


CLINICAL PATHOLOGY 

I* What is clinical pathology? 

A. Definitions' 

1 . Pathology is the “branch of medicine that deals with the basis of disease, especially 
those structural and. functional changes in organs and tissues causing or caused by a 
disease." In general terms , it is the study of disease, 

2. Clintcal pathology is a 'subspecialty of pathology that deals with the use of laboratory 
methods (clinical chemistry, microbiology, hematology, , , .) for the diagnosis and 
treatment of disease." In general terms, it is the study of disease in the clinical, envi- 
ronment using Laboratory assays. 

B„ In veterinary medicine, clinical pathologists are trained as specialists in the disciplines of 
basic pathology, hematology (study of blood), clinical chemistry (study of physiologic 
and biochemical reactions), cytology (study of cells), and surgical pathology (study of 
disease via analysis of tissue samples obtained during surgery). 

G. Veterinary clinical pathologists and other laboratory professionals (medical technologists, 
medical laboratory technicians, veterinary technicians) often work in a clinical Laboratory 
that limits its assay “menu” (offered tests) to hematologic assays, clinical chemical assays, 
urinalysis, and clinical Cytologic or histologic examinations. Other assays or diagnostic 
laboratory procedures are offered by specific laboratories (e..g., microbiology, histopachol- 
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ogy, toxicology) that are supervised by microbiologists, histopathologists, or toxicologists, 

respectively. 

II. Laboratory tests should be used with other diagnostic procedures. Before laboratory tests are 
used to pursue a possible diagnosis, it is imperative that two diagnostic procedures are done: 
(1) obtain a complete history (2) perform a complete physical examination. With knowl- 
edge gained from these two basic procedures* a diagnostician can select diagnostic proce- 
dures to clarify or classify identified problems. Veterinarians frequently use the laboratory' 
assays in conjunction with other diagnostic methods to identify or classify pathologic states 
that develop in domestic mammals. Some body systems fe.g.„ integument* nervous* skeletal, 
cardiovascular) are relatively easily evaluated via visual or imaging methods (physical exami- 
nation, radiography, ultrasonography), while other body systems (e.g., hemic, immune, uri- 
nary, endocrine) arc better evaluated by laboratory tests, 

III, What are the major reasons for analyzing patient samples via laboratory procedures? 

A. . To detect an unidentified pathologic state 

B. To define, classify, or confirm a pathophysiologic disorder or disease state 

C. To eliminate (rule out) a possible cause of the animals illness 

D. To assess changes in a pathologic state either due to natural progression of the disease or 
because of medical or surgical therapy 

MAJOR TYPES OF LABORATORY ASSAYS 

L * Many laboratory tests or assays involve the analysis of body fluids (blood, serum, plasma, 
urine, peritoneal fluid, pleural fluid, cerebrospinal fluid, synovia), tissue samples, or feces. 
Most clinical laboratory procedures fall into one of three large groups (examples follow sub- 
divisions); many procedures could he classified into more than one group, 

A. Clinical hematology assays: Most assays are completed on whole blood samples. 

1. Quantitation of cell concentrations in blood: total leukocyte concentration (count), 
erythrocyte concentration, platelet concentration 

2 . Semi q ua n bta t ton of cell ounce n tra rio ns: calcul ated absol u tc leukocyte concert t rat ion , 
platelet estimate from, blood film examination 

3. Defining or classifying cells by microscopic features: toxic neutrophils, reactive lym- 
phocytes * po lych romatophil ic erythrocytes, poikilocytes, microcytes, hypochromic 
erythrocytes* leukemic cells 

4. Assessing the coagulation properties of blood: dotting times, platelet function assays 

B. Clinical chemistry assays: Most assays are completed on serum or plasma samples, 

1 . Detecting or quantifying the concentration of a chemical substance 

a. Quantitative analysis: Results are dose to the true concentration (e.g.„ serum con- 
centrations of glucose, .sodium,, protein* creatinine, urea), 

b. Semiquaru dative analysis: Results ate “"within the ball park” (e.g., urine glucose, 
protein, and bilirubin concentrations by reagent pad chemistry assays)* 

c. Qualitative analysis: Results indicate that a substance is or is not present {e.g,, fat 
present in pleural fluid), 

2. Detecting or quantifying the activity of a chemical substance 

a. Quantitative analysis: Results are close to true activity (e.g., measured activities of 
serum enzymes such as alanine aminotransferase, alkaline phosphatase, lactate 
dehydrogenase, and creatine kinase). 
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b, Qualitative analysis: Results indicate that activity h or is not present (e.g., hemes 
peroxidase activity or leukocyte esterase in urine). 

C. Clinical microscopy 

L. Clinical cytology: The study of cell populations and their microscopic features in an 
attempt to define or classify abnormal tissue or fluid (e.g., lymph node aspirates to 
diagnose lymphoma or histoplasmosis, aspirate of a skin tumor to determine if it is 
an inflammatory or neoplastic lesion, analysis of peritoneal fluid to determine if it is 
a transudate, exudate, or other type of effusion) 

2. Surgical hi&iopathology: The study of frozen or fixed tissue in an. attempt to define Of 
classify abnormal tissue (i.c., inflammatory, neoplastic, toxic disorders) and perhaps 
establish an eciologic diagnosis. 

3« Urine sediment analysis: Microscopic examination of urine to detect or semiquantify 
the presence of leukocytes, erythrocytes, easts* bacteria, crystals, or other structures, 

4. Clinical parasitology: Microscopic analysis of fecal, urine, blood, or other sample to 
detect ova, oocytes, larvae, or other microscopic forms of parasites, 

IL Actual descriptions of the numerous laboratory methods arc beyond the scope of this text- 
book,. However, an understanding of basic principles and methods is frequently needed to 
interpret results of a laboratory assay. Such principles are located in several parts of the 
textbook. 

A. Chapter 2 contains the basic principles and concepts of the common hematologic assays, 
R. Chapter 6 contains the guiding principles and overview of the analysis of bone marrow 
and lymph nodes, the two major tissues involved in hematopoiesis. 

C, Chapters 7 through 18 have short sections that describe analytical principles that apply 
to individual analytes. 

UNITS 

[. 51 units versus non -SI (conventional) units 

A. For several decades, there has been an attempt to switch to a metric system of units 
throughout the world. Other than the United States, the conversion is mostly complete 
in a modified practical form. During the 1970s and 1980s, several organizations in the 
United States attempted to convert members of the medical communities to SI units but 
had limited success. Because there is a lack of consistent use of the SI unit system, veteri- 
nary medical professionals need to be familiar with both SI and non -SI units. 

B, In I he context of units used for laboratory data, the basic units of measurement ate 
shown in Table 1.2. Many clinical laboratory and professional organizations have agreed 
to use 11 liter” as the preferred unit for volume instead of the Si unit of cubic merer 
because such a volume (1 m* = 1000 L) is rarely clinically relevant. Even the use of liter 


Table 1.2. Examples of measurement in SI units and conventional units 



SI units 

Con ven t to nal un i is 

Amount of substance 

mole (mol) 

gram (g) 

Length 

meter (m) 

yard, foot, inch 

Mass 

kilogram (kg) 

pound (lb), grain 

Time 

second (s) 

minute (min), hour (hr) 

Volume 

cubic meter (m 1 ) 

lirer (L) 
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Table 1.3. Common units and abbreviations for laboratory values 


mol 

mole 

L 

liter 

h 

kilogram* ICPg 

mmol 

millimole. I O' 3 mol 

dL 

deciliter, ICH L 

e 

gram 

praol 

micromole, 1 0 mol 

mL 

milliliter, 10 ' L 

mg 

milligram, lO' 3 g 

nmol 

nanomole, 3 O '- mol 

pL 

micro liter* JO 4, L 

PS 

microgram, 1 0 eV g 

pmol 

picomole, 10 !; mol 

nL 

nano liter* 10* L 

ng 

nanogram, Ufo g 

fmol 

femtomole, 10~ H mol 

pL 

picoiiter, 10 12 L 

PS 

picogram, 1 0 2 g 



a. 

fcmtolirer, ItH 5 L 

% 

fomrograrru 1 O' 1 * g 


for a volume unit has limited relevance in the clinical laboratory when the sample vol- 

ume for many assays is less than 0,1 mL, 

C. Because the reported units for amount or concentration of substances vary considerably, 
a veterinary medical professional should know the common abbreviations for the major 
units (Table 1,3). 

IX Table 1,4 contains the formulas for the conversion of analyte concentrations from non-SI 
units to SI units; only analyte concentrations presented in this textbook are included. 

The table contains two types of formulas: (I) formulas that show the simple conversion 
factor that is used to calculate the numerical value of the SI unifo and (2) formulas that 
show the conversion of the numerical value and concentration units. When available, the 
recommended smallest reportable increment of the SI unit is provided. 2 Similar informa- 
tion is contained in the analytical concept sections of each chapter. 

II. Amount versus concentration: One important basic concept for interpreting laboratory data 

is having a clear understanding of what a laboratory test result represents. Besides knowing 

what is really being measured, it is important to understand what the numbers and units 

represent. The following examples illustrate the concepts. 

A. A dog acutely lost a large amount of blood because of an injury. Because whole blood 
including erythrocytes was lost, the number of erythrocytes in the body is decreased. 
However, because plasma was lost with the erythrocytes* the erythrocyte concentration 
(number of erythrocytes per volume of blood) in the dog initially will not be decreased 
and thus the dog is not initially anemic- After fluid shifts restore plasma volume, the dog 
will have fewer erythrocytes in m body and a lower erythrocyte concentration in its blood, 

B. You are told that a cat’s serum sodium was increased. Does this mean the cat has more 
sodium in its body? Well, it might. However, the increased serum sodium concentration 
might be due to less water in the body and the amount of sodium may not be increased. 
In fact, the total amount of sodium in the body could be decreased if there was relatively 
more water loss than sodium loss. 

C. You are told that a horse s serum enzyme was decreased. Does this mean the horse has 
less of that enzyme? It might. However, it could be that the amount of enzyme (the pro- 
tein) was not decreased but the enzymes activity was inhibited or maybe the structure of 
the enzyme was defective, 

D. You are told that a cat's reticulocyte percentage is increased, Poes this mean that the cat 
has more reticulocytes in its blood? It might or it might not. A percentage is always rela- 
tive; the same number in the numerator and a smaller number in the denominator will 
result in an increased percentage. 

E* You are told that the mydoidterythroid ratio in a cat’s marrow is increased. Does the 
increased ratio mean the cats marrow con rains more myeloid cells, fewer ery thro id cells. 


'right 


Table 1,4* Formulas for conversion of non- SI units to SI units of concentration 

Analyte* Conversion fact or for mulas 1 * Complete conversion formulas Increment 

ACTH pg/mL X 0,2292 = pmol/L pg/mL + 4541 pg/pmol X 1090 m 17 1* = nmol/L 1 pmol/L 

Albumin gML X 10* g/L g/dL X 10 dL/L = g/L 1 g/L 

Aldosterone ng/dL X 27.74 * pmol/L pg/dL — 360,5 pg/pmol X 3 090 nmol/pmol X 10 dL/L = nmol/L 10 pmol/L 
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FUNDAMENTALS OF VETERINARY CLINiCAL PATHOLOGY 


or both? Or is the ratio increased because the number of myeloid cells is increased more 
than the increase in erythroid cells? A calculated ratio is always a relative ti urn her and 
must be interpreted accordingly 

F. You are told that a dogs urine has an increased protein concentration. Because the con- 
centra dons of all substances in urine are dependent on the conservation of water by the 
kidneys, the increased protein concentration could result from increased water conserva- 
tion and not increased protein loss via the urinary system. 

REFERENCE INTERVALS 

L Reference intervals and their purpose 

A. Results of laboratory tests (laboratory data) on patient samples would be very difficult to 
interpret without reference intervals, which are the results we expect to find in healthy 
animals. These intervals are used to help detect pathologic states. Other terms that are 
used as synonyms include normals, normal values, normal range, and reference range. 

R. In an attempt to establish uniform usage of terms „ the following terms and definitions 
have been recommended by an Expert Panel of the International Federation of Clinical 
Chemist rvA 

1 . Reference individual: an animal selected by using defined criteria 

2. Reference population: consists of all possible reference individuals 

a. Usually, the number of such individuals is unknown. 

b. In the case of captive wild animals, the total number of animals may be known. 

3. Reference sample group; adequate number of reference individuals selected to represent 
the reference population 

4. Reference value: a value (result) obtained by observation or measurement of a particu- 
lar substance in a reference individual 

5. Reference distribution: distribution of reference values, which is not necessarily 
Gaussian (bell-shaped curve) 

6. Reference limit; the upper or lower values of the reference interval as derived from a 
reference distribution 

7. Reference interval: an interval between and including the two reference limits 

8. Observed value: a. value obtained by observation or measurement that is to be com- 
pared to the reference interval 

CL Use of the term reference range is discouraged for two reasons. 

3 . Statistically, a range is the difference between highest and lowest observations; e,g„ ? 

the range is 40 if the highest observation was 50 and the lowest was 10. 

2. Some consider the range of values to include all measured values from the lowest to 
the highest; a reference interval does not include all reference values, 

D. Using the terms normal and abnormal to describe laboratory test results can be mislead- 
ing and is discouraged. 

1. A laboratory result can be WRI but still reflect a pathologic process. For example, a 
serum sodium concentration that is WRI in a dehydrated animal indicates that the 
animal has lost both water and sodium from its body. 

2. Sick animals usually will have some laboratory results that are WRI. Conversely, 
some apparently healthy ariunals w ill have laboratory results outside of the reference 
interval. Because the Laboratory test results for certain diseases overlap between “sick' 
and “healthy™ animals, it is inappropriate to classify a patient as "normal'' based just 
on test results. 
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3. It is difficult to define “normal” because many variations that may appear to be 
“abnormal” are due to physiologic, dietary, environmental, or other nonparhologic 
factors. 

0. Establishment of reference intervals; A complete description of the process of establishing 
reference intervals is beyond the scope of this book and the reader is referred to 
publications 3^ The major steps in the process are as follows: 

A. Select criteria for reference individuals. Criteria could include species, age, and method 
of determining health status. 

L Initially, this may seem like a simple task because the criteria define clinically healthy 
adult animals. Generally, we want to sample a broad group of animals so that the ref- 
erence interval is useful for a broad group of patients. However, tr can become more 
complex when there are potentially clinically relevant differences that can be seen 
between breeds (c,g„ some Akita dogs have smaller erythrocytes), physiologic varia- 
tions (e.g,, milking versus non -milking cattle; high alls rude versus sea level), or nutri- 
tional variations. 

2, Even if a laboratory is successful in establishing reference intervals for adult animals, 
how about appropriate reference intervals for neonates, nursing animals, or wean- 
lings? Critical assessment of patient values requires that criterion- matched reference 
intervals be established. 

B. Establish a reference sample group, ft is preferable to have at least 60 animals that meet 
selected criteria. 

1, Authorities state that at least 120 individuals are needed^ obtaining such numbers is 
often not accomplished in veterinary medicine. A more realistic number of 60 quali- 
fied individuals may be sufficient if a Gaussian distribution is present; 4 attempts to 
establish reference intervals with fewer individuals frequently result in weak intervals 
that are often questioned by clinical observations, 

2. Obtaining quality samples from 60 qualified individuals is the most difficult aspect of 
establishing reference intervals. Typically, samples are collected from animals that are 
seen because of yearly vaccinations or for elective surgical procedures. Collecting 
many samples from one kennel, one cattery, one stable, or one herd is typically not 
recommended because the animals may lack the breed and other physiologic varia- 
tions needed for representative reference intervals. For example, reference intervals 
established for 60 beagles may not be appropriate for healthy dogs of other breeds, 
but they would be great reference intervals for beagles, Similarly, reference intervals 
established for cows from one dairy may nor be representative of healthy cattle in 
other dairies or in beef herds. 

C. Measure or determine the reference values. Analyze the sample for the substance of inter- 
est (analyte), 

L 1 his is the most expensive aspect of establishing reference intervals. For example, glu- 
cose tests of 60 sera at S3 each cost $300. Since we might measure 20 analytes in 
sera, with each costing the same amount, $6000 would be spent — and this is for only 
one specks. If the analyses were completed for each major species (bovine, canine, 
equine, feline), $24,000 would be spent for the routine chemical assays. A similar 
amount might be spent for hematologic assays and special assays. 

2. This expense is magnified when a laboratory changes laboratory equipment and must 
establish new reference intervals for a new instrument every 5 to 7 years (expected life 
span of most instruments). 
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D. Determine the reference distribution. Apply statistical methods to determine whether 

data have a Gaussian or a skewed distribution „ 

1. Many analyte concentrations will hr a normal (Gaussian) distribution, especially 
those analyte concentrations that are tightly regulated by physiologic systems (e.g,* 
glucose, sodium, potassium* and free calcium concentrations). 

2. Many analyte concentrations (e.g., serum enzyme activities) will not fit a Gaussian 
distribution; their data may have positive or negative skewness. 

E„ Determine reference limits and reference intervals. Use methods to remove outliers and 

then select the central 95% of the reference values. 

1. Limits may be defined by a stated fraction of reference values that are less than or 
equal to a certain result. For example, 2.5% of the values are > 150 and 2*5% of val- 
ues are < 50 and thus the reference limits are 50 and 150; The reference interval 
would be 50-150. 

2. When data have been shown to fit a Gaussian distribution, then parametric methods 
can he used to establish reference limits. The reference limits are the calculated values 
that represent the mean ± 2 sd* 

3. When the distribution is not Gaussian, the data should either be transformed into a 
Gaussian distribution on more commonly* the data within the top and bottom 2.5 
percentiles are removed by no nparametric methods. 

4. Fig. 1.1 shows the differences between Gaussian and skewed distributions and the 
reference inrervals obtained from such distributions. 

5. It is important to understand that reference intervals represent results expected in 
95% of the healthy animals (i.e.,, in 19 of 20 healthy animals). 


Gaussian 



center 95% 

j mean ± 2 sd — 
Analyte concenlralion 


Positively skewed 



center 95% 

H mean ± 2 sd ^ 

Analyte concentration 


fig. L L Reference distribution. 

In the left graph, the reference values conformed to a Gaussian distribution. If data have this distribution, 
then mean t 2 sd will, represent the central 95% of the reference values and thus the reference interval, II val- 
ues have a Gaussian distribution, the mean, median, and mode values will be equal. 

In the right graph, the reference values had positive skewness. If data have this distribution, nonparamcirir 
methods are used to determine the central 95% of the values. If the interval represented by mean ± 2 sd were 
calculated, the lower reference limit would he below the lowest reference value and the upper reference limit 
would exclude more than the top 2.5% of the reference values. Therefore, ' mean ± 2 sd" would nor be an 
accurate representation of the values expected in healthy animals. The mean, median, and mode values will be 
different if the reference values have a non-Gaussian distribution. 
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a, Therefore, l of 20 healthy animals is expected to have a measured value outside 
•of the reference interval. The value that is outside the reference interval but still 
represents a value from a healthy animal is expected to be close to the reference 
limits* A marked difference from the reference interval probably represents a 
pathologic state, 

b. When, examining multiple rest results for one animal, then the concepts of 
multivariate comparison apply.* Because there is a 95% (or 0.95) probability in 
healthy animals that each result is WRI, the probability that all *n" values are 
WRI is 0,95" and the probability that not all values are WRI is 1 - 0.95*. Thus, 
for a panel of 20' test results, there is a 64%. [1 00 X (1 * 0,95*°)] chance that at 
least one value is outside the reference interval. With a pane! of five test results, 
there is a 23% chance. However, that value should be close to the lower or 
upper reference limit. This concept is important when laboratory tests are 
requested for clinically healthy animals for a “yearly health profile” or a "geriatric: 
profile/ 

QUALITY OF LABORATORY RESULTS 

L Major determinants: Laboratory test results will be of the most benefit if they are consistent- 
ly correct, i.e*, from patient to patient, day to day, month to month. Three major factors 
determine whether results are valid: (1) quality of sample, (2) quality of analysts, (3) quality 
of laboratory and patient records. When results ate not what a veterinarian expects, he or she 
might say, '’I do not believe those results; there must have been a lab error." When such con- 
clusions are formed, it is important to remember that there are many potential reasons for 
an erroneous laboratory test reside 

A. Sample qua! 1 tty: A laboratory test result can only be as good as the sample. 

L Sample collection 

a. Properly prepared patient (t.g,* the animal should be fasted for at least 8 hr prior 
to collection of most blood samples), 

b. Proper collection technique (e.g., clean venipuncture to minimize trauma to 
blood cells [prevent hemolysis] and to not activate dotting proteins or platelets), 

c. Proper collection container fog,* sterile versus nonsrerife or clot tube versus an 
EDTA tube). 

d. Proper anticoagulants when needed fog.* EDTA versus heparin, sodium heparin 
versus lithium heparin). 

e. Adequate volume for assays (e.g.„ to obtain 1 raL of serum, ar least 3 roL of blood 
are usually needed), 

2. Sample handling 

a. Proper labeling of all specimens (e.g.» animal identification [name or number], 
date, and time of collection). 

b. Samples kept at appropriate temperature prior to and after processing, during 
shipment, or during storage fog., 25®, 4°* or -25°C). 

c. Prompt processing fog.* Inr a labile analyte* process immediately so analyte does 
not deteriorate). 

B„ Quality analysis of sample 

1* Method appropriate for species fog*, an instrument designed to measure the relative- 
ly large human erythrocytes may not provide accurate measurement of smaller ery- 
throcytes from the domestic mammals). 
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2. Quality of instruments and equipment (i.e., generally 'you gee what you pay for/ 
but a quality instrument remains a quality instrument only if it is properly main- 
tained). 

3. Quality of reagents (e,g.> fresh and within expiration date, being used according to 
instructions). 

4. Quality of laboratory technique (c.g., person-to-person variation, training of person, 
inherent procedural difficulty). 

5. Quality control program (quality assurance program) (e.g., the laboratory personnel 
subscribe to and adhere to internal assessment procedures to assure that all parts of 
the quality analysis of the sample are maintained daily). 

C Recording and reporting results 

1. Transcriptional errors minimized (e.g.. errors can be made during manual trans- 
cription of results to a laboratory report or during keyboard entering of data into 
computers). 

2r Timely results (i.e„ qualify results are valuable only when they can be used by the 
req uesti ng veieri narian ) . 

[]. Analytical properties of assays:; From the analytical perspective, the best clinical laboratory 
assay is one that consistently measures the true concentration of the substance and at con- 
centrations that are clinically relevant. When evaluating and comparing laboratory assays, 
there arc five properties that can be assessed. 

A. Analytical precision: 7 the ability of an assay to get the same result if a sample is analyzed 
several times; also called rtpmduohility or random analytical error { Fig. 1, 2a) 

1 . The need for analytical precision, is dependent on the degree of variation that can be 
accepted as a random variation (error). When management of a case requires that 
small changes in concentration reflect a biologic change and not analytical variation , 
then an assay needs to have high precision. However, if a wide range of measured val- 
ues can be accepted, then high precision is not needed, 

2. Control solutions are used to assess assay performance. Repeated analysis of control 
solutions allows assessment of precision. 

a, A control solution contains an analyte’s concentration that can be a known specif- 
ic concentration (like a standard solution), but more frequently the concentration 
is determined by multiple measurements by the same assay for which precision is 
being assessed, 

h. If results for a control solution are within acceptable limits, then the assay was 
probably performed correctly and thus the patients result is probably valid. 
Control solution results that are outside acceptable limits suggest instrument mal- 
function, deteriorated reagents, or poor analytical techniques. The patient's result 
determined by the same assay may or may not be accurate. 

3. Precision is frequently expressed i n clinical laboratories by the method’s CV (Eq. 

1 , 1 ), 

, , standard deviation 

( , V (expressed as a per cen rage) = — — — 1 X 1 UU (1,1) 

mean 

a. A method's CV is determined from replicate analysis within an assay run and 
between different runs of the same assay, 

(1) A with In-assay CV represents the random error that is expected when one 
sample is analyzed multiple times in one run of an assay. If an assay has a 
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precision imprecision precision and specificity limit 

(systematic (random accuracy 

error) error) 


Fig- 1.2* J I lu stration s of analytical properties of assays. 

* A mtlytiail precision (yyspematu: error) (Fig. 1 .2d): Because the 10 holes in rhe target arc tightly clustered, the 
target shooter was precise even though consistently inaccurate. 

* Analytical imprecision (random error) (Fig. ] .2b)t Because the holes in the target are evenly distributed, the 
average of 10 shots is exactly in the middle of the target area. Thus, the shooter was statistically accurate but 
imprecise, 

* Analytical precision and accuracy (Fig. 1 .2r): Because all 10 holes in the target are lightly clustered in the 
middle of the target, the shooter was accurate and precise, 

■ Analytical specificity (Fig. 1,2<A: Of the 10 holes in the target, 7 are round, 2 are square, and 1 is oval. Of 
the 10 observations, the shooter probably created 7 and 3 were created by other factors, Thus, the presence 
of holes in the target is not specific for the shooter's actions, 

* Detection limit and analytical ienshwity (Fig, 1.2 eh How many holes can you sec in the target? The smallest 
hole that you can reliably detect is the detection limit of your eyes* Analytical sensitivity in this context is 
the smallest change in hole size that your eyes can reliably differentiate, Jf your eyes can reliably detect the 
different sizes of all holes, then the sensitivity limit has not been reached. If your eyes can differentiate the 
changes in the four largest holes but not the other holes, the sensitivity limit is between the fourth and fifth 
holes. Each shot was made with a bullet whose diameter was 75% of the previous shot. 


poor wirhin-assay CV, the sample's analyte concentration is determined by 
analyzing the sample in duplicate or triplicate and then calculating a mean 
concentration. 

(2) A between-assay CV represents the random error within one run of the assay 
plus the error from additional runs of the assay using the same sample. The 
widrin -assay CV will be smaller than the berween-assay CV. 
b. The clinical relevance of an assay's CV is determined by many factors. 

(1) An assays CV will vary with the analytes concentration. Higher CV values 
may be found ai the lower and upper limits of the assays analytical range, 
Within the analytical range, CV values tend to be higher at the low r er analyte 
concentrations. 

(2) If critical clinical decisions arc made when there arc minimal changes in an 
analytes concentration, then the assay must have a very low CV (high preci- 
sion). Otherwise, the diagnostician would nor know if the change in analyte 
concentration is due to a true change that occurred in the animat or if the 
change represents analytical error. 

(3) Because CV values are expressed as percentages, they have different meanings 
at different concentrations, 

(a) If an assay has a CV of 10% at all concentrations, then the assay's sd 
would be 0.1 at an analyte concentration of 1, 1 at an analyte coucemra- 
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cion of 10* 10 at an analyte concentration of KXK ere. Depending on the 
analyte and the amount of biologic variation* a CV of 10% can be com- 
pletely unacceptable analytical variation or be very acceptable, 

(b) If the assays sd Is 10, its CV values would be 50% at a mean concentra- 
tion of 20, 10% at a mean of 100, 1% at a mean of 1000, ere, 

(4) As a rule of thumb, a change in concentration in patient samples that is 
greater than 3 rimes the USD is due to biologic variation; a change that is less 
than 2 times the USD may he only analytical variation. USD is an average of 
sd values from 3 to 6 consecutive months of quality control values. The "} 
rimes USD ' is an estimate of significant change limit* 8 

(a) ft the USD for sodium concentration at 150 mmol/L is 1.5 mmol/L and 
a patients sodium concentration is 130 mmol/L on day 1 and 148 
mmol/L on day 2, then the change of 2 mmol/L may be due to analytical 
variation since it is < 2 times the USD. However, a value of 1 45 mmol/L 
on day 2 (a change > 3 times USD) probably represents a true biologic 
change. 

(b) If the USD for blood neutrophil concentration is 1000/pL at a neu* 

i tophi] concentration of 10. 000 /pi.. then neutrophil concentration in a 
second sample needs to be < 7000 or > 13>000/pL to be reliably consid- 
ered a biologic change if the first sample had a neutrophil concentration 
of 10,000/pL. 

(5) The CV percentages and USD values may vary considerably between as say 
methods and the percentages or values are frequently not known by the diag- 
nostician. However* such information can improve the interpretation of labo- 
ratory data because changes can be recognised as potential analytical variation 
or confidently classified as biologic change. 

B, Analytical accuracy ( IFCC definition) : 7 the closeness of the agreement between the meas- 
ured value of an analyte and Its "true” value (Fig. 1,2$) 

1. The methods of establishing the “true" values vary considerably. At times, the true 
value is established by a reference method (e.g,, method developed by the National 
Institute of Standards and Technology), If such standards have not been developed, 
the “true" value might represent the mean concentration determined by numerous 
observations by an assay that Is accepted as the best available, 

2 + Typically, accuracy of a clinical assay is assessed by comparison of its results to the 
results of an accepted reference method* a method that has been accepted by a start' 
dardization group as providing a true value. Optimally, the assay that is accepted as 
the reference method is also precise so that only a few observations are needed to 
determine the true value (Fig, L2r), 

3, Standard solutions 

a„ The accuracy of the clinical assay may be assessed by measuring an analyte s con- 
centration in a reference standard solution whose concentration was determined by 
a reference method. 

b. Reference standard solutions are not the same as calibration standard solutions. 
Calibration standard solutions are commercially prepared, are used to calibrate 
an instrument or method* and should closely agree with reference standard 
solutions. 

C. Analytical specifics ty? the ability of an assay to detect only the substance of interest (ana- 
lyte) or freedom from interfering substances (Fig, L2 d) 
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!♦ Analytical specificity is related to analytical accuracy because .an assay cannot be accu- 
rate if there is a nonspecific reaction occurring. 

2. The need for analytical specificity varies directly with the likelihood of interfering 
substances, A serum glucose assay may be designed to react with all hexoses. Such 
specificity may be acceptable if glucose is the only hexose in serum that is at a suffi- 
cient concentration to be detected by the assay. Other glucose assays may be designed 
to react only with glucose if other hexoses might be present in the sample, 

3. Substance may interfere with an assay in many ways. 

a. The substance may be very similar chemically and the assay may react with either 
the substance of interest or the interfering substance, 

b. The substance may produce the same substance or response that is detected in the 
.assay system, 

(1) The presence of glucose may be detected when a chemical reaction produces 
HAT, A substance may interfere with die assay by having the same oxidizing 
properties as H 2 0,. 

(2) In spectrophotometric assays, the presence of lipids, bilirubin, or hemoglobin 
may interfere with tight transmission through a sample and thus the results of 
the assay are changed by an (factual spectral changes and not by a change 
resulting from a chemical reaction, 

4. Depending on how a substance interferes with an assay, ir may lead to either falsely 
increased or falsely decreased concentrations— positive interference or negative inter- 
ference, respectively 

D, Detection limit (IUPAC definition): 7 the smallest concentration or quantity of an 

analyte that can be detected with reasonable certainty for a given analytical range 

(Fig. l.le) 

1 . An assay's detect ion limit involves the ability of the assay to differentiate background 
"noise” from a true change due to the presence of an analyte. 

2. If an analyte is relatively abundant (e.g., serum Na + ), then a detection limit of 100 
mmol/L may be adequate. For substances that ate relatively rare (e.g,» aldosterone), a 
detection limit of 1§0 pmol/L may be needed to be clinically useful. 

E. Analytical sensitivity (IUPAC definition); 7 slope of the calibration curve and the ability of 

an analytical procedure to produce a change in the signal for a defined change of the 

quantity 

1. In other terms, an assays analytical sensitivity is how much change of the analyte 
(concentration, property, etc.) is needed for the assay to detect the change. For exam- 
ple* an assay that can differentiate 50 mg/dL from 51 mg/dL has better analytical 
sensitivity than an assay that can only differentiate 5.0 g/dL (or 5000 mg/dL) from 
5.1 g/dL (5100 mg/dL), 

2, Analytical sensitivity should not be confused with, detection limit. The two are relat- 
ed because both relate to small changes in concentration. However, analytical sensitiv- 
ity applies id changes within an assays analytical range, whereas detection limit applies 
to the lowest limit of the analytical range* 

DIFFERENCES IN LABORATORY METHODS AND THEIR RESULTS 

L Not only do veterinarians face challenges of species variations, they also must deal with the 
different results generated by different laboratories and different laboratory methods. There 
are many potential reasons for the differences; some of the differences are' due to random 
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errors that are not preventable, others are due to analytical or systematic errors (bias), and 
others are because of poor analytical methods that produce inaccurate results. 

Examples of differences 

A, Fig. 1*3 illustrates results of a survey completed by the Veterinary Laboratory Association 
(VLA) as part of a quality assurance program. For the survey the VLA distributed 
aliquots of a pooled scrum to laboratories that subscribed to its quality assurance pro- 
gram, After analysis of the distributed sample, each subscribing laboratory sent its results 
to the association for compilation and analysis. The association then distributed the 
results of the analyses. 


ALT (UA) 

Albumin (g/dL) 

ALP (U/L) 

AMS (U/L) 

Cl" (mmol/l) 
Chdestencii (rng/dL) 
CK <U/L) 

Creatinine fmg/dLj 
Glucose (mg/dL) 
Upas® (U/L) 
Phosphorus (mg/diL) 
Potassium (mmol/L) 
Sodium (mmol/L) 
tCa^ (mg/dL) 
tC0 2 (mmol/L) 

Total protein fg/dL) 
Urea (mg/dl) 


Lowest 
value 
20 




Highest 
value 
□ 55 

3.9 
Zl 280 
1258 


I Vj.WAVAVi.WAK 






WHH9U 


AVAV/AVA 1 



f-^Tl Results of ell methods (rt = 73 to 126) 

■'.w Results of same method on different instruments (n = 19 to 111} 

MH Results of same method on same instrument (n ■ 12 to 15) 

Fig, 1 3* Results from similar and different assay methods that analyzed aliquots of one canine serum as parr 
of one survey completed by the VIA during 2000. (ALT « alanine transaminase, ALP ■ alkaline phosphatase, 
AMS - amylase „ Cl" = chloride, CK = creatine kinase, tCa*‘ = total calcium, tC0 2 - total carbon dioxide) 
Ranges for most measured analyte concentrations or enzyme activities were extracted from graphs within 
the surveys report* but data for ALP, AMS, and EPS activities were obtained from VLA because graphed bars 
were too small to be reliably interpreted. 

* For nearly every measured analyte, the difference between the lowest and highest values would be consid- 
ered clinically relevant if they represented values obtained from the same animal but different samples. 

* The greatest differences occur when different assay methods are used, bur frequently there were large differ- 
ences when the same assay method was used on different machines (e.g„ AIT, ALR AMS, cholesterol, CK, 
glucose 1 , sodium, and tCi- + ). 

* For the data used in this figure, the results of the same method on same instrument represent data ter the 
same dry chemistry reagent system on the same type of instrument. Even then* the lack of agreement 
emphasizes the need for the establishment of reference intervals by each laboratory. 
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B. Careful review of the data in Fig. L3 can be disturbing because there are marked differ- 
ences in the results generated, by laboratories. It is beyond the scope of this textbook to 
describe the possible reasons for the differences in detail. In general, the results may vary 
because of one or more of the following: 

!. Commercial standard solutions may be poorly calibrated. Although there are strict 
requirements for development of human assays, there are not the same requirements 
for veterinary assays. 

2. For assays that measure enzyme activity or depend on enzymatic activity within the 
assay, there can be marked differences in enzyme activity because of different sub- 
strates (reagents), reaction temperatures, or pH of assay systems, 

3. Even though two laboratories might have the same chemistry instrument and assay 
method, the laboratories might purchase reagents from different companies. The 
reagents might have the same constituents but at different concentrations. 

C. Because of the potential marked differences in results determined by laboratories, several 
recommendations are made. 

1. Sample collection, processing, and transport should follow policies that minimize the 
chances of sample damage. 

2. Samples should be submitted to veterinary laboratories that adhere to stringent quali- 
ty assurance guidelines. 

3. Your patients results should be compared against appropriate reference intervals 
established for the same assay method in the same laboratory. 

a. Reference intervals established for another assay can be very misleading. 
Comparison against reference intervals published in textbooks is discouraged. 

b. Reference intervals provided by the manufacturer of an instrument should be 
carefully scrutinized. The manufacturer should provide derails about the reference 
intervals, including criteria used to select reference individuals, number of animals 
in reference sample group, and method of determining the reference limits. If the 
manufacturers reference intervals are going ro be used, then split samples should 
he analyzed by the manufacturer and your laboratory to ascertain if there is excel- 
lent agreement in the assays 1 results. 

4. A good diagnostician detects and confirms abnormalities. If a laboratory result is 
not consistent with your impression of the case, you should ask the laboratory to 
repeat the assay or you should submit another sample to confirm a significant 
abnormality. 

5- You should establish a strong professional relationship with, your laboratory's person- 
nel. The quality laboratory will strive to provide you quality and ti riid y results. You 
should strive to provide the laboratory with quality samples, 

WHICH LABORATORY DO YOU USE? 

L Many factors must be considered before you decide how you will obtain laboratory data 

for your patients. Basically, there arc three major options: in-house laboratory, veterinary ref- 
erence laboratory and laboratory in local human hospital. Four major questions must be 
considered. 

A* How will the results affect the care of the patient? 

B. Can the laboratory consistently provide quality analysis of the sample? 

C. How much will it cost to analyze the sample? 

D. How important is a short turnaround time? 
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II. In-house laboratory (in a veterinary clinic or hospital) 

A. Advantages 

1. May allow 24-hour access to laboratory data 

2. Shorter turnaround times, which are sometimes required for emergency cases 

3. Fresh samples and thus fewer concerns about sample deterioration 
EL Disadvantages 

1 . Capital expenditure of several thousand dollars required and equipment depreciates 
rapidly 

2. Need to maintain inventory of reagents and supplies 

3. Need personnel trained to operate and maintain equipment 

4. Need to follow a quality assurance program; you may be legally responsible for docu- 
menting quality of Laboratory data 

5. Typically need high sample volume to generate enough income to cover expenses 

6h Reference intervals typically are provided by manufacturer of instruments or assay 

and may or may not be quality reference intervals. 

7, May need to ship a malfunctioning instrument to manufacturer for repairs and thus 
need a replacement instrument or backup methods 

01. Veterinary reference laboratory 
A. Advantages 

1. Laboratory personnel are typically trai ned to provide quality analysis of veterinary 
samples. 

2. Diagnostic support may be available from veterinary clinical pathologists in the 
laboratory, 

3. Reference intervals should be appropriate for species, 

4. Many more diagnostic assays are typically available than are available in an in-house 
laboratory. 

5. Cost for sample analysis is more dearly determined and thus can be charged to the 
client on a sample^by-sample basis. 

EL Disadvantages 

1 . Not all analytes are stable and thus some deteriorate during shipment; some analytes 
require special shipping. 

2. Turnaround times vary with location: some are available the same day and most are 
available the next day except for special tests. Some laboratories offer courier service 
and results reported via fax machines or e-mail, 

IV. Laboratory in local human hospital 

A, Advantage; Turnaround times can be within hours. 

B. Disadvantages 

L Quality reference intervals for veterinary samples may not be established by the 
laboratory. 

2, Assay methods may not be appropriate for veterinary samples, 

3, Technicians and technologists may not be trained to correctly identify species varia- 
tions or diseases that are unique to veterinary samples. 

4, Human pathologists frequently are very interested in helping but lack the training in 
the diseases of domestic animals and variations seen in veterinary samples, 

5, The fees charged by laboratories may be relatively high. 
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EVALUATING AND VALIDATING LABORATORY METHODS 9 

L Reasons for evaluating laboratory methods 

A. New or revised laboratory methods are evaluated for clinical use because of recent 
research findings, because newer assays might be more accurate > more precise, less expen- 
sive, or less difficult, or because an instrument was purchased to replace an outdated or 
malfunction i ng E imminent, 

B. A clinical perspective needs 10 be considered for new or revised laboratory methods. Is 
the method practical? What are the equipment and space needs? Are personnel trained 
for the method? Will it improve patient care at a reasonable cost? Has there been ade- 
quate stud}' of the method to prove its clinical value or is the method still in the devel- 
opment stage? Are the requirements for sample collection, processing, and handling 
practical? 

II. What are the sources of analytical error? 

A. Each assay system has it own inherent random error {see CV [coefficient of variation] in 
Quality of Laboratory Results, II, earlier in this chapter). Typically, the more precise the 
assay the better it is. Bui sometimes, the most precise methods are too expensive or time 
consuming. 

B. Besides random error a method may not provide accurate results because of systematic 
error (bias). For example, the mean concentration of a new method might be consistently 
5 mmol/L too high compared to the mean value determined by a reference method. 

C. Accuracy is a relative term, and an assays analytical accuracy is sometimes difficult to 
assess in a clinical laboratory. An assays result may be compared against one of two 
Arab' values; 

L The mean concentration determined by the reference method (a gold standard) 

2. The mean concentration determined by numerous analyses by comparative methods 
(all laboratories using the same instrument and reagents) 

D. Acceptable analytical performance 

1. The most accurate, precise, specific, or sensitive assay typically is not needed in a 
clinical environment- However, the assay does need to meet requirements for a clini- 
cally useful assay 

2. Criteria for acceptable performance of clinical assays have been, proposed and they 
vary considerably between analytes, A hematocrit method might be considered 
acceptable if it provides results within 6% of the target value (e.g.* 37.6%-42,4% for 
a Her of 40%). Ora cortisol method might be considered acceptable if cortisol com 
ccntratlons are within 25% of target values . '' } 

III, Validation methods: After available information has led to a conclusion that a new or revised 

assay should be evaluated, three stages of validation have been recommended. 

A, Familtarttation: This stage includes establishment of a working procedure, initial assess- 
ment of the analytical range, and calibration. 

B, Preliminary validation: In this stage, several si tidies are completed, including with in- run 
replication, interference studies, and recovery studies, 

C Detailed validation: If initial results are satisfactory, then die final validation includes 
replication studies, comparison of methods, statistical analyses, determination of accept- 
able performance criteria, and establishment of reference intervals. 
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IV, Implementation phase 

A, If results of the validation procedures indicate that the assay will he used in the labo- 
ratory, then it needs to he incorporated into the daily routine of the laboratory, in- 
cluding maintenance of equipment, reagent inventory, and a quality assurance 
program, 

B. When the assay is finally ready for clinical use, clinicians are notified of its availability, 
expected precision at major decision limits, and characteristics of reference intervals, 

DIAGNOSTIC PROPERTIES AND PREDICTIVE VALUE OF LABORATORY ASSAYS 

I. As mentioned earlier, a frequent purpose of analyzing a patients sample is to detect or con- 
firm the presence of a disease state. But if a laboratory test result is outside the reference 
interval, how likely is it that the patient has a certain disorder? Similarly if a laboratory' test 
result is WRI, bow certain are we that the animal doesn't have a certain disease or pathologic 
state? The following information is an introduction to the diagnostic value of laboratory 
assays and the predictive value theory which involve concepts or procedures that are used to 
answer these questions, 

II. There are four classifications of test results relative to the presence or absence of a disease. 

A. TP (true positive): a positive result that correctly identified a patient as having a specified 
disease 

B* TN (true negative): a. negative result that correctly Identified, a patient as not having a 
specified disease 

C FP (false positive): a positive result that incorrectly identified a patient as having a speci- 
fied disease 

D, FN (false negative): a negative result that incorrectly identified, a patient as not having a 
specified disease 

classify test results into one of the four categories, rwo factors must be known. 

What criterion is used to separate a positive from a negative result? Is it a positive result 
when the result is above the appropriate reference interval? Or is it a positive result when 
the value exceeds a certain decision limit that could be within or outside of the reference 
intern]? 

What determines if the animal docs or docs not have the disease of interest? Or what 
i.s the 'gold standard" that allows us to say that the animal definitely does or does not 
have the disease? For many spontaneous diseases, there may not be a "pure gold stan- 
dard” and thus the diagnostic value data must be considered to be relative to an imper- 
fect standard, 

IV. After test results are appropriately classified as TP TN, FE or FN* then several calculations 
are made to attempt to characterize the diagnostic properties or predictive value of the 
assay. 


HI, To 

A. 


B. 


Piagnos | ie sensi tivity 


Diagnos i ic specificity 


( as % ) = 


las %} = 


number of true positive 
number with specified disease 

number of true negativ e 
number without specified disease 


TP* 

TP #+FN # 


x 1 00 


TN * 

TN #+FP # 


x 1 00 


(Out.) 


(1.2.b.) 
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Diagnostic accuracy (as %) = 


TP # +TN # 


Predictive value of positive test (as %} = 


Predictive value of negative test (as %) = 


number correctly classified 
number of animals in study TP # + FP #+TN #+FN # 

number of true positive FP # _ __ 

x 1 00 


xl 00 


all positive results TP # +FP # 

number of true negative _ TN # 
till negative results J N #*FN # 


(l»2.c.) 

(12 A.) 


xl 00 


A. Diagnostic sensitivity 

1. Definition: frequency with which a test is positive in patients that .have the disease of 
interest (Eq, 1 «2. a) 

2. A test that has lug It diagnostic sensitivity is a good test for screening for the presence 
of a disease because it has very few FN results. If the animal has the disease, there is a 
high probability that the test will be positive. 

R. Diagnostic specificity 

h Definition: frequency with which a test: is negative in patients that do not have the 
disease of interest (Eq. l,2.b) 

2.. A rest that has high diagnostic specificity am be a good test for confirming that an 
animal has a disease because it has very few FP results. If the result is positive, there is 
a high probability that the animal will have the disease* 

C Diagnostic accuracy 

1 . .Definition: frequency with which a test correctly classifies an animal as having or not 
having the disease (Eq. I.2.c) 

2. A test has high diagnostic accuracy when it has relatively few FP and FN results com- 
pared id TP andTN results, 

D. PV(+), the predictive value of a positive test 

1 . Definition: probability that a positive test result indicates that the animal has the dis- 
ease (Eq. 1 .2.d) 

2. A test that has a high FV(+) is otic that has very few FP compared to TP results; 
thus, a positive test result strongly suggests the presence of the disease, 

E. PV(-) P the predictive value of a negative test 

1. Definition: probability that a negative test result indicates that the animal does not 
have the disease (Eq, Ll.e) 

2. A test that has a high PV{-) is one that has very few FN compared to TN results; 
thus* a negative test result strongly suggests the absence of the disease. 


V. Basic concepts of predictive values. Three major questions are considered when the diagnos- 
tic properties of an assay are evaluated, 

A. What is the prevalence of the disease in the studied population ? The effects of prevalence 
will be illusrrared in an example below. Basically, when the disease prevalence is very low, 
i( is more likely that there will be FP results. Conversely when the disease prevalence is 
very high, it is more likely that there will by FN results. 

B. What method is used as the gold standard method for establishing the presence or 
absence of disease? Having an excellent gold standard Is sometimes very difficult for 
spontaneous diseases and thus comparison against a poor gold standard may lead to 
questionable results. Also, consider this question; What would be the results of a com- 
parison study if the new assay is actually "better than the existing gold standard? 
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A 


B 


C 



Fig, 1 . 4 . Effects of different cutoff values on classifying assay results. 

In these examples, die distribution of observed values in the animals without the disease appears to be 
CausSilA; such a distribution may or .may not exist in real studies. The distribution data in the diseased group 
are not Gaussian, typically, such data are not Gaussian but may not he skewed as shown in this example. 

Graph A: The cutoff value is near the mean analyte concentration found in the animals without the disease. 
With such a cutoff value, 

* The diagnostic sensitivity would be 100% because there are no FN results. 

* The diagnostic specificity would be 50% since there are equal numbers ofTN and FR 

* The diagnostic accuracy would be poor because of the many FP results. 

* The PV(+) would be poor because of the many IT results, 

* The PV(-) would be 100% since there are no FN results. 

Graph 5: The cutoff value is at the highest value found in the animals without the disease. 

* The diagnostic sensitivity would be poor (about 60%) since there ate relatively many FN results. 

* The diagnostic specificity would be 100% since there are no FP results. 

■ The diagnostic accuracy would be poor because of the many FN results. 

* The PV(+) would be 100% since there are no FP results. 

* The PV(-) would be poor because there art many FN results. 

Graph C The cutoff value is at a concent ration where the least overlap between the groups occurs. 

* This cutoff value represents a compromise to obtain the best combination of diagnostic sensitivity and 
diagnostic specificity and provides the best diagnostic accuracy, because there are relatively few FP and FN 
results. 

* The values for PV{+) and PVfr) would be high but nor 100%. 


C. What is going to be the cutoff value that separates a positive result from a negative 

result? Extensive evaluation of an assay is sometimes needed to find the best cutoff value. 
The effects of changing the cutoff value are illustrated in Fig. 1.4, 

VI. Application and interpretation of predictive value concepts 

A, The clinical value of the calculated diagnostic properties is influenced by the prevalence 
of a disease. For Examples A and B in Fig. 1.5, assume the diagnostic sensitivity of a test 
is 90% and its diagnostic specificity is 80%, 

1 . In Example A of Fig, 1.5, with a disease prevalence of 30% 

a. the PV(+) is 66%; for all posit ive test results, 66% will be TP results. 

b, the PV( ) is 95%; for all negative test results, 95% will be TN results., 

2. In Example B of Fig, 1.5, with a disease prevalence of 1% 

a. the PV{+) is 4.3%; for all positive test results, 4,3% will be TP results. 

b, the PVfr} is 99.9%; for all negative rest results, 99.9% will be TN results. 
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Example A - 30% disease preva l e nee 


Step 2 

Disease 

present 

Disease 

absent 

Totals 

Positive test 

(TP) 270 

IfP) 140 

410 

Negative lest 

(FN) 30 

(TN) 500 

590 

Totals 

300 

700 

1000 


Step 1 

Disease 

present 

Disease 

absent 

Positive test 

(TP) 270 

(FP) 140 

Negative test 

(FN) 30 

(TN) 500 

Totals 

300 

700 


Step 3 

Predictive value of posttive test (as %) 


TP# 

TP# + FP# 


x 100 


ioo = 

410 


Predictive value of negative test (as %) = 


TNfr x100=~x100 = 95% 
590 


TN#+FN# 


Example B - 1% disease prevalenc e 


Step 1 

Disease 

present 

Disease 

absent 

Positive tesl 

(TP) 9 

(FP) 198 

Negative tesi 

(FN) 1 

(TN) 792 

Totals 

10 

990 


Step 2 

Disease 

present 

Disease 

absent 

Totals 

Positive test 

(TP) 9 

(FP) 198 

207 

Negative lest 

(FN) 1 

(TN) 792 

793 

Totals 

10 

990 

1000 


Step 3 

TP ft 9 

Predictive value of positive test (as %)= — x 100 - — x 100 = 4.3% 

TP # + FP # 207 

TM ti 792 

Predictive value of negative test (as %) = — x 100 x too = 99,9% 

TN # + FN # 793 

Fig. J .5. Exam pits of Jiagnrmic properties of assays. 

Far each example , the values for diagnostic sensitivity and specif city are 90% and S0% , respectively, 

In Example A wc discovered (via a gold standard) that 30% of 1 00(1 dogs have the disease. Based on the 

prevalence, what is the assay s PV(+)i? Whar is the assay ’s PV{-)? 

* 5*?^ // Construct a table from the available information. Because 30% of the dogs have the disease, 300 
dogs have the disease and 700 dogs do nor. Since rhe diagnostic sensitivity is 90%„ then 90% of the 300 
diseased dogs (270) will have a positive rest result (TP) and 30 will have a negative test result (FN). Because 
i he diagnostic specificity is 80%, then 80% of 700 dogs (560) will have negative results (TN) and HO wilt 
have a positive result (FP). 

* Step 2: Add rhe values for number of positive and negative results, 

■ Step 3: Calculate the PV(+) and PVfr) using Eq, 1.1 formulas. 

In Example B, we discovered (via a gold standard) that 1% of 1000 dogs have the disease. Based on the 

prevalence, what is the assay's PV(+)? What is the assay's PVT)? 

■ Step //Construct a table from the available information. Because 1% of the dogs have the disease, 10 dogs 
have the disease and 990 dogs do not, Since the diagnostic sensitivity is 90%* then 90% of the 10 diseased 
dogs (9) will have a positive test result (TP) and 10% (1) will have a negative test result (FN), Because rhe 
diagnostic specificity is 80%, then 80% of 990 dogs (792) will have negative results (TN) and 198 will 
have a positive result (FP). 

* Step 2: Add the values for number of positive and negative results, 

* Step 3: Calculate the PV(+) and PV(-) using Eq. 1,1 formulas. 
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3. By comparing the results- of the two examples, these conclusions are formed: 

a. As the prevalence of rhe disease dropped from 30% to 1%. the PV(+) decreased 
from 66% to 4,3%, Thus, the PV(+) is less when the prevalence of the disease is 
lower 

b. As the prevalence of die disease dropped from 30% to 1%, the PV(-) increased 
from 95% to- 99.9%. Thus, the PV(-} is greater when the prevalence of the dis- 
ease is lower. 

B. The predictive value concepts are used to compare the diagnostic value of two laboratory 
tests. To illustrate this application* data were extracted from an article that compared the 
diagnostic value of serum [tTJ and ffTJ^ for diagnosing feline hyperthyroidism. h> As 
described in Chapter IT, scrum [tTJ and [fTJ^ may increase in sera of cats with hyper- 
thyroidism but other factors can Influence [tTJ and | fT J^j, 

1. Gold standard for this study 

a. Cats were classified as having hyperthyroidism using the following clinical or lab- 
oratory findings: 

(1) Clinical signs consistent with hyperthyroidism 

(2) Palpable thyroid nodule 

(3) Good clinical response to treatment for hyperthyroidism 

(4) Basal [tTJ increased or basal [tTJ not increased but positive results of \\- 
suppresslon or TRH -stimulation test 

b. Cats were classified as not having hyperthyroidism if they did not meet hyperthy- 
roidism criteria. The cats had clinical signs suggestive of hyperthyroidism (weight 
loss, vomiting* diarrhea* polyuria)* but none had a palpable thyroid mass, none 
had increased {tTJ, and all had a diagnosis other than hyperthyroidism* 

2. Classification of results 

a. iT| results were classified as positive if [tTJ was > 48 nmol/L. ff 4 results were 
classified as positive if IflJ^ was > 51 pmol/L. Cutoff values represented the 
URL determined from 172 healthy cats. 

b. Results were classified as negative if they did not meet positive criteria. 

3. Based on these criteria for the 3 1 38 cats, 

a. 917 cats had hyperthyroidism. Of these cats, 837 had an increased [tTJ and 903 
had increased [fT r J fd . 

b, 221 cats did not have hyperthyroidism. Of these cats, none had increased [tTJ 
and 14 had increased [fTJ^. 

4. From the provided data, tables were constructed to show the classification of test 
results. From the tabulated data, the diagnostic properties and predictive values of 
[tTJ and [LRU were calculated {Fig. 1,6). 

5. Based on the evaluation of reported data and application of the above gold standard 
and cutoff values, these conclusions can be drawn, 

a, Serum [fTJ^ had better diagnostic sensitivity (98%) than serum [i TJ (91%) for 
detecting feline hyperthyroidism. Thus, serum [fTJsj would be a better screening 
test for hyperthyroidism; i.e,* more cats with hyperthyroidism will have increased 
ffTJoi than increased [tTJ, 

b. Serum [tTJ had better diagnostic specificity (100%) than serum [fTJ^ (94%), 
Thus, ail increased serum [tTJ is more indicative of feline hyperthyroidism than 
an increased serum [fTJ^; uc.» [tTJ had fewer FP results. 

e. Serum [FF4] ftl had better diagnostic accuracy (98%) than serum [tTJ (93%). 
Thus, if only [tTJ or [fT.J lsd can be determined, serum [PTJ^ has a better chance 
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[tT 4} in feline sera 



Hyperthyroidism 

present 

Hyperthyroidism 

absent 

Totals 

Positive test 

(TP) 037 

(FP) 0 

37 

Negative test 

(FN) 80 

(TN) 221 

301 

Totals 

917 

221 

113 


Diagnostic sensitivity (as %) - -- TF ^ x100 = — x100=9i% 

TP# + FN# 917 


TN # 221 

Diagnostic specificity (as %} - — x 100 x 100 - 100% 

TN#+FP# 221 


Diagnostic accuracy (as%) - 


TP U + TN # 


TP#+FP#+TN#+FN# 


* 100 « x 100 = 93% 

113 


TP # 837 

Predictive value of postive test (a$%) = — — xlQQ^ — -xlOO = 100% 

TP#+FP# 037 


TIM # 221 

Predictive value of negative test fas %)= — xlOO = — x 100 =73% 

TN# + FN# 31 


[fT 4 ]gd in feline sera 



Hyperthyroidism 

present 

Hyperthyroidism 

absent 

Totals 

Positive test 

(TP) 903 

(FP) 14 

917 

Negative lest 

(FN) 14 

(TN) 207 

221 

Totals 

917 

221 

113] 


TP ft 903 

Diagnostic sensiti vit y (as %) - ■ - - - ■ xlOO- — — x 1 0O = 98% 

TP# + FN # 917 


TN # 207 
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Fig. 1*6. Analysis of the diagnostic properties of serum [iTJ and [ffj td . 


of correctly classifying the cat as having or not having hyperthyroidism. However, 
measuring |fT 4 ] ed is more expensive chan measuring [tTJ. 

d. I lie PV(+) for increased [tTJ was 100% and it was 98% for [fTj^. 

e. The PV(-) for [r and for {fTJ^ were 73% and 94%, respectively. These results 
indicate chat a (fl that is WRI would strongly suggest that a cat does not have 
hyperthyroidism because there vverc very few FN results. 
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f, Note that the results of such studies may vary with different assays, different pop- 
ulations, different gold standards, and different cutoff values. 

(1) ItTj was used to determine the presence or absence of hyperthyroidism* 

The gold standard used {or method of establishing presence of hyperthy- 
roidism) in the study is considered an excellent method of establishing the 
presence of feline hyperthyroidism, but it would have been interesting ro 
learn if the diagnostic value data for |rTJ would change if [rTJ had not 
been used to help determine the presence or absence of hyperthyroidism, 

(2) Most cars in the study had been referred to specialists lor treatment of hyper- 
thyroidism. Thus, there was a high prevalence of hyperthyroidism in the 
study's population, A high prevalence increases the PV(+) of diagnostic teste 
and lowers the PV(-). Accordingly, the predictive values of [iTd and [fTJ^i 
would probably he different in a non referral veterinary practice, 

VII. Application of the above methods to evaluate and compare diagnostic methods requires care- 
ful planning, appropriate choices of the animal populations {diseased versus nondiscased), 
and availability of an excellent gold standard, A major deficiency in the diagnostic properties 
and predictive value theories is that a positive result is given the same weight or importance 
if the value is only slightly increased or if it is extremely increased* Such a weighting process 
frequently is not appropriate in the clinical decision process. 

RECEIVER OPERATING CHARACTERISTIC (ROC) CURVES 1 

L ROC curves were originally developed to assess the ability of radar images to detect enemy 
aircraft in World War 11, and therefore to assess the ability to detect true signals from back- 
ground noise. In the context of laboratory tests, the ROC curves display the relationship 
between a true-positive rate and false-positive rate. 

A. True-positive rate is equal to diagnostic sensitivity expressed as a decimal (e.g., when the 
diagnostic sensitivity is 90%, the true-positive rate is 0,9; results arc positive in 9 of 10 
diseased animals). 

B. False-positive rate is equal to 1 minus the diagnostic specificity expressed as a decimal 
{e.g., when the diagnostic specificity is 70%* the false- positive rate is 1 — 0,7 - 0,3, and 3 
of 10 nondiseased animals would have a FP result. When the diagnostic specificity Is 
100%, there would be no FP results and thus the false-positive rare would be 0.0.) 

C. Fig. 1 ,7 shows theoretical results from the comparison of two assays. Assay A and Assay R. 

II, The clinical value of the comparison of diagnostic procedures by ROC curves is dependent 
on many factors. Major issues to be addressed include the following: 

A. The assays should be analytically valid and applicable to clinical investigations, 

B. Selection of the comparison groups should be clinically relevant* Both groups should 
have similar clinical features (c.g,* both have polyuria, vomiting, or anemia) so char the 
ability of the assays to differentiate disorders is evaluated. Conversely, comparison of a 
sick group versus a healthy group is probably not appropriate or needed (animal was 
defined as healthy without laboratory tests)* 

C. The accuracy of the comparison is very dependent on the accuracy of the gold standard 
procedure to differentiate disease-present from disease-absent groups. As there are 

very few “pure gold procedures, results of the comparison need! to be interpreted 
accordingly. 
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Assay A Diagnostic Properties Assay B Diagnostic Properties 

Cut-off point 1 2 3 4 5 Cut-off point 1 2 3 4 5 

Dx, sensitivity 1,00 0,98 0.90 0,80 0,60 Dx. sensitivity 0,90 0.70 0.50 0,35 0,20 

Dx, specificity 0,50 0,60 0.90 0.97 1.00 Dx. specificity 0.52 0.70 0.90 0.97 1.00 

1 - Dx. specificity 0,50 0.40 0.10 0,03 0.00 1 - Dx. specificity 0.48 0.30 0.10 0.03 0.00 


Assay B*s ROC Curve 

1.0 
0.8 
0 6 
0.4 
0.2 

0,2 0.4 0.6 0.8 1,0 0.2 0.4 0,6 0.8 1.0 

1 - Diagnostic specificity 1 - Diagnostic specificity 

(fa I so- positive rate) (false-positive rate) 

Fig, 1,7, Comparison of diagnostic value of two theoretical assays by ROC curves, 

* The initial step of the evaluation is dh e analysis of samples from rwo groups of animals (disease present 
and disease absent) by the two assays. The presence or absence of disease is established by a gold standard 
procedure, 

* The data are plotted to obtain the distribution curves (top curves in figure). Ib gather data for a ROC 
curve, multiple cutoff points are selected that will provide different diagnostic sensitivity and specificity val- 
ues, The cutoff points are then used to classify actual measured concentrations as being TP, FP, TN, or FN 
results. For the illustration in the top graphs, five cutoff points were selected and the dashed lines represent 
the separation of positive and negative results at each cutoff point. 

* From the classified data, the diagnostic sensitivity (true-positive rale) and specificity values are Calculated for 
each cutoff point (for this illustration, the number of animals In both groups was estimated from the graphs 
with an assumption that the total number in each group was the same). T he false-positive rate is calculated 
by subtracting diagnostic specificity from L 

* The decimal fractions for true-positive rate and false-positive rate are plotted (lower graphs). The 45° 
dashed line represents the ROC curve that would be obtained by random classification (e.g., flipping a com 
to classify animals as disease present or disease absent). The best ROC curve approaches the upper left cor- 
net of the graph {i.ev, where nearly all positive results art TP results). In this comparison* Assay A is a better 
diagnostic procedure than Assay B for detecting a certain disease, 
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BLOOD SAMPLES AND SPECIMENS 
I, Blood 

A Blood is composed of blood cells (erythrocytes, platelets* and five major leukocyte types) 
and plasma. Blood withdrawn from a blood vessel most immediately be mixed with an 
anticoagulant to prevent initiation of dot formation and to keep cells and other compo- 
nents in suspension. 

B. Analysis or processing of whole bleed, must be relatively rapid because the cells die 
within a few hours and thus a sample will become unacceptable for analysis. What con- 
stitutes adequate sample handling varies with what is to be quantified or evaluated; 
occasionally samples must be analyzed within minutes, usually within hours, rarely with- 
in days. 
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II. Plasma 

A. Plasma is the fluid component of blood that is harvested after centrifugation of an atiri- 
coagulated blood sample. Plasma will contain, the anticoagulant that can interfere with 
some assays* 

B. Plasma has two major components. 

1. Water about 92%— 95% of plasma volume. 100 mL of plasma contains 92-95 mL of 
H : 0. 

2. Solids about 5%-8% of plasma volume. Most solids are proteins on a weight per 
volume (weight/volume) basis; other solids are glucose, urea, electrolytes, and other 
chemicals. 


III, Serum 

A, Serum is the fluid component of blood that is harvested after centrifugation of a coagu- 
lated (clotted) blood sample. 

B. Serum has essentially the same composition, as plasma except serum does not contain 
most of the coagulation proteins. The major protein (on a weight/ volume basis) that is 
absent in serum bur present in plasma is fibrinogen. 

C. During the clotting process, substances are released from cells that alter the analyte con- 
centrations in serum* For example, platelets release K* and thus serum | K* ] is higher 
than plasma IK 4 3 Uee Chap. 9). 

D, Generally, the composition of .serum or plasma h very similar to (he composition of 

BCR 

IV, Anticoagulants used for blood sample collection 

Ah Calcium-binding agents prevent Ca 2 * from participating in the formation of a blood 
clot. 

1. EDTA (as Na 2 EDTA, K 3 EDTA or K 3 EDTA) 

a. Preferred anticoagulant for almost all routine hematologic tests, including the 
CBC assays 

b. Binds Ca 2t and other divalent cations (Mg 2 \ Cu 2 % Pb J ) 

2. Citrate (as sodium citrate) 

a* Preferred anticoagulant for most tests of the coagulation system; Ca 2 * is added to 
the ckrated plasma to override the effects of citrate and allow coagulation 
enzymes to function. 

b. Because it has low toxicity, citrate is also preferred for collection of whole blood 
to be used for transfusions* 

3. Oxalates (as lithium, ammonium, and potassium salts) 

a. Used for a few specialized laboratory tests 

b. Generally distort morphologic features of leukocytes and erythrocytes 

B, Heparin (as lithium, ammonium, potassium, or sodium salts) activates ami thrombin III, 
which then inhibits the activity of several coagulation factors (including thrombin). It 
also binds Ca 2 *, but major action is through an rich ra mb in HI. 

1. Used for several special laboratory assays (such as blood gas analysis) and can be used 
for many clinical chemistry assays 

2, Major disadvantages 

a. Alters morphologic features and staining of leukocytes 

b. Allows clotting as effects are slowly overridden by coagulation system 

c. Allows platelet dumps to form 
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COMPLETE BLOOD COUNT (CBQ 
L Purposes of the CBC 

A. To screen the hemic system for abnormalities or its response to a disease 

B. To confirm or define the presence of a hematologic disorder 

II, Basic information obtained from results of a CBC 

A, If CBC results are WRI, the net effect of a disease on the hematopoietic system has been 
minimal. 

R. 1:1 a cell concentration is increased, the disease is causing at least one of the following: 

1. Increased production of that cell type 

2. A shift of that cell type from a storage or noncircuJaiing pool ro circulating blood 

3. An increased circulating life span of the cell type. The rate of cell loss to tissues or 
rate of cell death is decreased. 

C. If a cell concentration is decreased, the disease is causing at least one of the following: 

1 . Decreased production of that cell type 

2. A shift of that cell type from the circulat ion to a noncircidating pool 

3. Decreased circulating life span of the cell type 

D. If morphologic features of a given cell type arc abnormal, either (1) there is a defect in 
hematopoiesis that causes the production of abnormal cells, or (2) morphological abnor- 
malities are acquired as the cell circulates in the body 

III. Major components of the CBC 

A. Erythrogra ni ( '"eryth rocytc p icturc ' ) 

1. Erythrocyte structure as seen on a stained blood film (see Chap, 4) 

2, Ha (synonym: PCV) 

a, If there arc 100 mL of blood with a Hct of 45%, then erythrocytes occupy 45 
mL. 

b. A Her will accurately reflect the [RBC] in a blood sample if the MCV is WRI* 

c Unit: vol % (commonly just 40 vol % = 0.40 (SI expression is a unidess deci- 
mal fraction) 

3- [Hgb] 

a, [Hgb] in blood, is the grams of Hgb per 100 mL of blood. Essentially all Hgb in 
blood is in erythrocytes except In a few pathologic states (such as intravascular 
hemolysis causing hemoglobinemia). 

b, [Hgb] will accurately reflect [RBQ If the MCHC Is WRI and hemoglobinemia is 
not present. 

c, Unit conversion: g/dL X 10 dL/L = g/L (SI unit, nearest I g/L) 1 

4. [RBC] 

a, [RBC] is the number of erythrocytes per unit volume of blood (In clinical jargon, 
commonly referred to as RBC count), 
h, Unit conversion: {# X tOVpL) X 10 6 pL/L* # X 1CP-7L (SI unit) 

5. Win t robe's erythrocyte indices: MCV, MCHC, and MCH 

a, Wintrobe* erythrocyte indices are three values that are used to characterize ery- 
throcytes in peripheral blood. The erythrocyte indices form the basis of the mor- 
phologic classification of anemias (see Chap. 4)* 

(1) MCV: volume pet average erythrocyte expressed in femtoliiers (fL) or cubic 
micrometers (pm 3 ) 
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(2) MCHC: Hgb concentration per average erythrocyte expressed as grams of 
Hgb per 100 mL of erythrocytes (g/dL); g/dL X 10 dlUL = g/L (SI unit) 

(3) MCH: quantity of Hgb per average erythrocyte expressed in picograms (pg) 
b* In most blood specimens, not all erythrocytes are the same (i.e., the erythrocytes 

have different volumes, Hgb concentrations, and Hgb contents). It is important 
to remember that the MCV, MCHC, and MCH values represent the average 
values for all erythrocytes in the sample, 
c. Relationship of indices 

(!) Because MCH represents how much Hgb is in an average erythrocyte and MCV 
represents the volume of an average erythrocyte, the MCHC of an average 
erythrocyte can be calculated by dividing the MCH by the MCV (Eq. 2,1 .a). 


MCHC- 


MCH 

MCV 


(2, La.) 


Example: MCH = 20 pg, MCV » GO fL 

MCHC . ^££ - 20 » 10 ~% = 2Q ’ 0&0x10 ^ = 333 g/L = 33.3 gML 
60 fL GO X 10’ 5 L 60x10" 5 L 


MCV = 


Hct x 1.0 


Hct = 


[RBC) 

MCV x [RBC] 

H) 


MCHC - 


[Hgb] x 100 
Hct 


MCH^ tHgb]Xl ° (2.1. b.} 

[RBC] 

(2. Ire.) 


(2) When originaJJy described by Wine robe, the indices represented the calculat- 
ed interrelationships of three measured values: Hct (reported as a %), ; [ Igb] 
(reported as g/dL) t and [RBQ (reported as IC^/pL) (Eq. 2. l.b). 
d + The Wimrobe formulas are used to calculate some of the results generated by 

impedance cell counters. 

(1) Hct is calculated from the measured MCV and [RBCjj (Eq. 2,1. c). 

(2) MCHC is calculated from the measured [Hgb] and calculated Hct (Eq. 2. Lb). 

(3) MCH is calculated from the measured [Hgb| and measured (RBC] (Eq. 2 + Lb), 
e. The Technics n (ADVIA®) analyzers calculate the MCHC as above but also meas- 
ure MCHC by analysis of light scatter caused by Hgb in erythrocytes, 

f Relationship of blood I Hgb] and MCHC 

(1) Sample 1: Hct = 50%, |Hgb] = 15 g/dL 

(a) If you have 100 ml. of blood with a Hct of 50% and a [Hgb] of 1 5 g/dL 
(grams of Hgb per 100 mL of blood), then you have 50 mL of erythro- 
cytes, 50 mL of plasma, and 1 5 grams of I Igb in the erythrocytes. 

(b) Therefore, you have 15 grams of Hgb per 50 mL of erythrocytes or 
30 grams of Hgb per 100 mL of erythrocytes, and thus the MCHC = 

30 g/dL, 

(2) Sample 2: Ho = 33%, [Hgb] - 10 g/dL 

(a) If you have 100 mL of blood with a Hct of 33% and a [Hgb] of 10 g/dL 
(grams of Hgb per 100 mL of blood), then you have 33 mL of erythro- 
cytes, 67 mL of plasma, and 10 grams of Hgb in the erythrocytes. 

(b) Therefore., you have 10 grams of Hgb per 33 mL of erythrocytes or 30 
grams per 100 mL of erythrocytes, and thus the MCHC * 30 g/dL. 
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(3) Relationship of Hgh and Her (with conventional units) 

(a) When the MCHC is 33.3 g/dL* the Hgh values will be one- third of the 
Het value (e.g. t Hgb = 13 g/dL and Het = 45%; or Hgh = 8 g/dL and 
Het = 24%), 

(b) Because the MCHC values in most blood samples are about 32-36 g/dL, 
the Hgh value typically will be about otic- third of the Het value. 

B- Leukogram C leukocyte picture”) 

L Leukocyte structure as seen on a stained blood film (see Chap, 3) 

2, [WBC] 

a, [WBC | is the number of leukocytes per unit volume of blood (in clinical jargon, 
commonly referred to as WBC count). 

h. By .some methods, the [WBC) actually k a total nucleated cell concentration. If it 
is, the I WBC] must be corrected when nRBCs are present (see Calculations 
Involving Nucleated Erythrocytes, p. 45] 

e. The [WBC] by itself is of limited value without assessing the concentrations of 
each type of leukocyte. 

d. Unit conversion; #/pL X I0 b pldL = # X 10 6 /L (SI unit) 

3, WBC differential count 

a. A WBC differential count is done by differentiating 100 or more consecutive 
leukocytes on a stained blood film, Results of the differential count are percent- 
ages. A WBC differential count should be done in a blood film’s “counting win- 
dow” (i.e,, that part of a blood film where there is a monolayer of erythrocytes 
that occasionally touch each other and where the leukocytes lie flat enough for 
their nuclear and cytoplasmic features to be distinct), 

b. A WBC differential count is only an estimate of the leukocyte percentages in a 
blood sample because only a small portion of the leukocytes in the blood sample 
is differentiated. A sample of 100 cells will not be consistently representative of 
the whole leukocyte population. 

c. Rule of rhumb: Differentiate 100 leukocytes for every 10,000 Icukocytes/pL to 
obtain representative percentages, 

4, Concentrations of each type of leukocyte 

a. With traditional methods, individual leukocyte concentrations are determined by 
multiplying the [WBC] by the leukocyte percentages obtained from the WBC 
differential count. 

b. Because of the relatively poor reproducibility of the WBC differential count, the 
calculated values should he considered approximate concent rations, 

C Assessment of platelets 

1, Structure of platelets as seen on a stained blood film (see Chap, 5) 

2, Platelet concentration 

a. Platelet concentration is the number of platelets per unit volume of blood (in 
clinical jargon, commonly referred to as platelet count). 

b Unit conversion: (# X lOty/pL X 10* pL/L-# X 10VL (SI unit) 

3, MPV; volume per average platelet expressed in femtol iters (fL) or cubic micrometers 

(p m>) 

IV. Blood sample for CBC 

A, Blood is collected inro a tube containing either Na^EDTA or K 3 ED 1 A and immediately 

mixed by slowly inverting the tube at least 10 times. To obtain accurate results, the sam- 
ple must be free of clots and platelet dumps. 
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B. Platelets can be easily activated during blood collection; activation results in dumping. 

Platelet clumping can occur because of hyperactive platelets, slow or poor venipuncture 

technique, and delayed or inadequate mixing of blood and EDTA. Platelets of cats and 

cattle are very prone to dumping. 

C Stability of cells 

1 . fRBC] and [WBC] are usually considered to be stable for several hours at 25 l3 C and 
for up ro 24 hr at 4®C 

2. Platelet concentrations are reportedly stable for 5 hr at room temperature and 24 hr 
when samples arc refrigerated (4°C).- On average, platelet concentrations remained 
relatively stable in EDTA -anti coagulated canine blood for 48 hr (kept at room 
temperature for the first 8 hr and refrigerated for the following 40 hr}* but there 
were considerable increases and decreases in platelet concentrations of individual 
samples, 3 

3. Morphologic features of erythrocytes and platelets are usually stable for at least as long 
as their concentrations are stable. Morphologic changes can be seen in leukocytes 
within an hour of sample collection. These rime-related changes, include cytoplasmic 
vacuolarion, swollen or hyalinized nuclei, cell lysis, pyknosis, and karyorrhexU. 

HEMATOLOGIC INSTRUMENTS AND METHODS 

I. Impedance cell counters (e.g. s Coulter counters, Baker System, Cobas Minos ST- Vet, Mascot 

Mtiltispecies Hematology System, CELL-DYN®, Heska™ Vet ABC- D iff Analyzer) 

A + Basic principles 

1. When a non conductive particle (e,g„ cell) passes through an aperture, it creates an 
electrical interference in a current that is Rowing through a conductive liquid. 

2. The number of particles detected within a defined volume of diluted blood represents 
a cell (particle) concentration. The degree of interference is dependent on the appar- 
ent volume of the particle (shape may influence), and apparent volumes are used to 
differentiate particles. The volume of each particle is recorded so that an average vol- 
ume can be calculated. 

3. Most impedance cell counters were designed to evaluate human blood cells and need 
to be modified to evaluate domestic mammal blood. Small erythrocytes of some 
species (e.g,, goats, sheep, and some horses) are too small to be reliably detected. 

Also, large platelets (as commonly seen in cats) may he counted as erythrocytes and 
not platelets. Lysing solutions and procedures may also need modification because of 
species differences in susceptibility io cell lysis, 

B. Typically, blood is processed along rwo paths, 

1. Erythrocyte path: MCV, [RBC], and platelet concentrations are determined in 
diluted blood. 

2. Ijcukocytc path: [WBC] and fHgb] are determined in diluted blood after cells 
(leukocytes and erythrocytes) are lysed but nuclei remain as particles. 

C Measured values 

1 . MCV: average volume of particles (mostly erythrocytes) that are larger chan a mini- 
mal threshold setting 

2, [Hgb]: specttophotometric assay for 1 igb after erythrocyte lysis 

3. [RBC]: concentration of particles (mostly erythrocytes) that are larger than a mini- 
mum threshold setting (e.g., > 30 fL} and smaller than a maximum threshold setting. 
Some instruments correct for the presence of leukocytes. 

4, | WBC]: concentration of particles (nuclei) present after blood cells are lysed 
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5- Platelet concentration: concentration of particles that are within a defined volume 
interval (e.g., 2-30 fL) 

6. MPV: average volume of particles (mostly platelets) that are within a defined volume 
interval 

D. Calculated values (formulas appropriate for traditional units) 

L Hct is calculated from the rearrangement of the Wintrobe MCV formula (Bq. 2. l x). 

2, MCHC and MCH values are calculated with the traditional MCHC and MCH for- 
mulas (Eq, 2,1.6). 

3, ROW 

a. RDW Is an estimate of the degree of anisocytosis in a blood sample. The greater 
the variability in erythrocyte volumes* the greater the RDW, and thus the greater 
the degree of anisocytosis. A high RDW could occur due to the presence of more 
macrocytes, more microcytes, or more of both, 

b. Instruments may use different RDW formulas and the fraction of erythrocytes 
included in the calculation also varies. The CELL-DYN® evaluates the frequency 
distribution plot of erythrocyte volumes and calculates the coefficient of variation 
(CV), which is reported as a percentage. 

II, Optical or laser flow cell cytometers (e.g., GELL-DYN® instruments. Technioon Hi 
I AD VIA®)) 

A, Basic principles 

1, Laser light is scattered when it hits a cell. The type of scatter is dependent on cell 
she, internal structure, granularity, and surface structure. The type of light scatter is 
used to differentiate cells. 

2. Instruments may be able co differentiate the major leukocytes, but computer pro- 
grams must be specific for each species and abnormal leukocytes may not be correctly 
classified. 

B. Optical counters also have the components of impedance counters {see I in this 
section), 

ML Conductivity methods (i-STAT® Star Profile® M Analyst) 

A. Sensors in silicon chips detect changes using potentiometric, amperometric, or conducto- 
metric principles. 

B. The amount that erythrocytes reduce the conductivity of a fluid is dependent on the per- 
centage of blood volume occupied by erythrocytes. Thus* reduction in conductivity is 
related to Her. Markedly increased blood concentrations of proteins, leukocytes, or lipids 
will also reduce the conductivity and thus give falsely increased Hct values, 

C. [HgbJ is calculated by multiplying the Hct decimal fraction (e.g., 0.40) by an assumed 
MCHC value (e.g*, 34 g/dL). 

IV. Centrifugation analysis 

A. Microhematocrit tube method 

1. Hemarocrit: heftutto- (blood) -crit (denoting separation) 

2. When first described, the term hematocrit was the name of the procedure used to sep- 
arate blood into its major components: packed erythrocytes, huffy coat layer, and 
plasma. W ith common use of the procedure, hematocrit started to indicate the major 
result of the procedure (i.c, N Hct or PCV). Today, the terms hematocrit and packed 
celt volume are frequently used as synonyms. When a small capillary tube was intro- 
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duced for die procedure, it became the mkrobematocris method ro differentiate it 
from the larger Wintrobe hematocrit cubes, 

3. High-speed centrifugation (about 13,000 X g) of blood in a microhcmatocrit tube 
separates the blood cells into layers based on the density of cells. The buffv coat layer 
contains platelets, lymphocytes* monocytes, eosinophils , neutrophils, basophils, and 
nucleated erythrocytes (listed from least to most dense). The huffy coat cells typically 
occupy about 0.5 to 1% of the blood volume. 

4. Because of potential inaccuracies of measuring [RBCJ and MOV in domestic mam- 
mals > the microhem a merit tube method is generally considered the “gold standard" 
method of determining blood Hct. 

B, Quantitative bufly coat (QBC) analysis, QBC® VetAutoread ™ 

I* A special capillary cube that contains a plastic cylinder or float is used. Because of the 
cylinder's density ic will float in the region of the huffy coat cells with centrifugation. 
Because of the cylinders diameter, the length of the huffy coat is expanded around 
the float (Fig, 2,1), Fluorescence is used to differentiate cell layers on the basis of 
lipoprotein, RNA, and DNA contents, 

2. If the quantity of blood that is put into the capillary cube is constant and the mean 
volumes of each cell type are relatively cons rant, then the concentration of a given 
cell type will correlate with the thickness of the layer for that cell type. Based on 
these assumptions, the thickness of a layer is multiplied by a conversion factor to 
obtain an approximate cell concentration. 

3, Results generated by the IDEXX QBC® VetAutoread 1 Ki hematology system and the 
basic principles of each evaluation 

a, Hct is determined by the volume of blood occupied by erythrocytes after cen- 
trifugation (analogous to microhematocrit tube method). 



Float 


Plasma 
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Erythrocytes 
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Agranulocytes 

Lymphocyte* 
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Fig. 2.1* Schematic represen rat ion of IDEXX QBC^ Vet Tube after centrifugation of whole blood. 

Centrifugal forces separate the components of blood, mro five layers {plasma, platelets, agranulocytes, granulo- 
cytes, and erythrocytes) based on their relative densities. 
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b, MCHC is determined by a relationship between density of erythrocytes and the 
density of the plastic float. The lower the MCHC, the deeper the plastic float will 
sink into the packed erythrocytes* 

c, [HgbJ is calculated from the Her and MCHC values, 

d. Reticulocyte percentage is determined by the thickness of m RNA fluorescent 
layer near the top of the erythrocyte layer (bottom of huffy coat). 

e. nRBC are detected by the presence of DMA fluorescence near the top of the ery- 
throcyte layer. 

f Total [ WBCJ is calculated by adding the granulocyte and combined lympho- 
cyte/ mo nocyte concent rations. 

(!) Granulocyte concentration is determined by the thickness of the cell, layer 
with characteristic DNA and RNA/lipoprotein fluorescence. An eosinophil 
concentration may he reported for dogs and cattle because their eosinophils 
show detectably more RN A/lipoprotein fluorescence than do their neu- 
trophils and basophils. 

(2) Lymphocyte/ monocyte concentration is determined by the thickness of the 
cell layer above the granulocyte layer that has the DNA fluorescence charac- 
teristic of lymphocytes and monocytes. 

g. Platelet concentration is determined by the thickness of the cell layer above the 
lymphocyte/ mo nocyte layer that has characteristic RNA/lipoprotein fluorescence. 

h. Fibrinogen concentration is estimated by application of the heat precipitation 
principle (see Chap. 7) with the thickness of the precipitated fibrinogen band 
determining the fibrinogen concentration. 

MICROSCOPIC EXAMINATION OF STAINED BLOOD FILMS 

I, Microscopic examination of a stained blood film should always be a part of a CBC, even if 
an instrument provides an automated leukocyte differential count. A detailed description of 
the preparation, staining, and examination of the blood film is beyond the scope of this 
chapter. The basic components of the processes are as follows: 

A* A blond film is made to obtain an even distribution of cells and an adequate "counting 
window” (i.c,, that part of the smear where there is a monolayer of erythrocytes that 
occasionally touch each other and where nuclear and cytoplasmic features of leukocytes 
are distinct). 

B. The air-dried blood him is stained with a Romanowsky-typc stain (c.g.» Wright, Wright- 
Ciemsa, Diff-Quik, Quik-Dip) that provides differential staining of cells. 

C. A blood film examination includes scanning with 4X or 1GX objectives and more criti- 
cal evaluation with high -dry (40 X) or oil objectives (50 X or tOOX). 

1 , Are the cells evenly distributed and properly stained? 

2, Are there abnormal large structures in the blood (frequently concentrated in the 
feathered edge) such as microfilaria, platelet dumps, macrophages, epithelial cells, 
endothelial cells, or megakaryocytes? If so, record their presence. 

3- Do the erythrocyte and leukocyte densities correspond with the known cell concen- 
trations In the sample? I t not, check the accuracy of the cell concentrations. 

4. Estimate platelet density in several 1000X oil fields and compare with expected val- 
ues; record the presence of giant or shift platelets (platelets larger than erythrocytes in 
most species) or platelet inclusions. 

5. Evaluate erythrocytes for abnormal shapes, sizes, colors, or inclusions. 
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6. Complete a leukocyte differential count (see below) and record. Evaluate observed 
leukocytes for morphologic ah normal] ties and record findings, 

II. Microscopic examination of a stained blood film is especially important in animals with 

abnormal concentrations of leukocytes, erythrocytes* or platelets. Defects found in the blood 

cells are described in Chapters 3» 4, and 5* 

IIL Staining of blood cells 

Ah Romanowsky stains arc the best for staining blood cells. Roman owsky (1891) described a 
combination of cosin and merhvlene blue to produce a spectrum of colors from blue to 
reddish-orange depending on the pH of the cell’s content. 

L Wright stain: combination of cosin and oxidized methylene blue; the oxidized meth- 
ylene blue stains are called Azure dyes* 

2. Other Romanowsky stains include Giemsa, Wrigjit-Gienisa* and Wrighr-Leishman 
that are various combinations of Azure dyes and eosin. 

3. Generally when seated or written, "Wright” stain refers to a Romano wsky-ty pc stain 
and not the origin a! Wright stain. 

B. What are the contents of cells that are stained? 

L Acidic structures (e.g.* DNA and RNA) attracr the basic Azure dyes, which stain 
structures various colors of purple to blue. 

2. Alkaline structures (e.g,* Hgb, eosinophil granules) attract the acidic eosin dye and 
stain structures from red or pink to orange, 

C, Terms used to describe colors or staining properties 

1. Neutrophilia ncutro (neither alkaline nor acidic)* phi lie (loving) 

2- Eosinophilic: loves eosin (acidic) dye; will have red to orange colors 

3. Basophilic: loves basic (alkaline* Azure) dyes; will be blue to purple colors 

4. Azurophilic: loves Azure dye; will have a blue to purple to reddish- purple to pink 
color depending on the substance’s pH 

IV. Estimate of platelet concentration on blood films 

A. Platelet estimation is a common routine method of platelet enumeration in blood. 
Platelet estimations are frequently done* when automated values are unreliable, so that a 
time-consuming hemocytomctcr platelet method does not have to be done. There are 
several methods of estimating platelet concentrations on Wright-stained blood films. 
Methods are valid only if platelet clumps are not present in rhe blood sample, 

B, Procedure 

E Scan the feathered edge and smear body for platelet dumps. Find the appropriate 
“counting window* ' Using the 100X oil objective* again assess for platelet clumping* 
If platelets are dumped* report “clumped platelets.” 

2. If platelets arc well distributed, estimate the average number of platelets per 1000X 
field. Enough fields should he evaluated ro generate a representative assessment; five 
independent fields may be used m a guideline* but more fields may be required with 
decreased concentrations. Results arc probably most critical with moderate ro marked 
thrombocytopenias. Use the following table of average platelet number per 1000 X 
field to report estimated platelet concentrations (Table 2/2), 

3. The conversion factor (1 platelet/ 1 000 X field equals about 20,000 platelets/ pL) was 
chosen because the data supporting it are published and ir will result in fewer false 
suggestions of thrombocyropenia than would occur with the other commonly men- 
tioned I to 1 5,000 /pL conversion. If the 1 5. 000/fiL conversion is actually more 


)opyrighte 


42 


FUNDAMENTALS OF VETERINARY CLINICAL PATHOLOGY 


Tab lie 2.2. Estimation of platelet concentration ott a blood film 


Species 

Markedly 

decreased 

Moderately 

decreased 

Mildly 

decreased 

WR1 

Possibly 

increased 

Increased 

Canine 

<3 J 

4-7 

8-9 

10-25 

26-30 

> 30 

Feline 

<3 

4-11 

12-14 

15-4(1 

41-48 

> 48 

Equine 

<,2 

3 

4 

5-17 

18-21 

> 21 

Bovine 

< 2 

3 

4 

5-40 

41-48 

> 48 

Ovine 

<3 

4-9 

10-12 

13-37 

38-45 

>45 

Caprine 

<3 

4-11 

12-14 

15-30 

31-36 

> 36 

a Average 

number of platelets found in 1 000 X 

microscopic 

field UDGX objective times 

10 X ocular) 


in the 'counting window." 


accurate* mild thrombocytopenias will be missed, and thrombocytoses may be falsely 
suggested by the 1 to 20,000 method. 

4= The area represented by a 1000 X microscopic field varies with the optics of micro- 
scopes (e.g,, the observed field in a wide-held ocular will be larger than a regular ocu- 
lar). Therefore* the conversion factor can vary as much as 30% between microscopes. 
For example, the 1:20,000 method may be appropriate for regular oculars and the 
1 :1 5,000 method may be more appropriate for wide-held oculars. 

RETICULOCYTES 

I, Major concepts 

A, Reticulocytes are non-nudeaiecL immature erythrocytes with s tamable cytoplasmic RNA. 
!. On an NMB-stained blood film* the RNA appears as punctate or reticulated 

basophilic structures, 

2, On a Wright-stained blood him, the RNA will give the polythromatophilic erythro- 
cyte its blue or basophilic tinctorial properties. 

B. Reticulocytes of nonanemic dogs and people have life spans of 1-2 days. The life spans 
of cat reticulocytes arc more variable (see I LB, 2 in this section). In health, cattle and 
horses do not have circulating reticulocytes. 

C Reticulocyte sis: increased RC, CRP, or polychromasia 

1. In species other than horses, a reticulocytods is the best semiquaniitarive evidence of 
increased erythropoiesis. Horses very, very rarely have circulating blood reticulocytes, 

2. In cattle after acute blood loss, a reticulocytes is is expected within 3-4 days and pea k 
production is expected in 7-14 days. A few large or shift reticulocytes may be seen in 
the blood before a reticulocyiosis is present.® 

3. The response in dogs after acute blood loss is not clearly established but is generally 
reported to mimic the bovine pattern. Some report that the peak response can be 
seen prior to 7 days, 

4. In cats after acute removal of erythrocytes by repeated phlebotomies to create a Hct 
value of 50% of baseline values: 7 

a. An aggregate reticulocytosis occurred by day 2, peaked at day 4* and returned to 
baseline values by day 9 even though the cits were still anemic (Hct values in 
low 20s), 

b, A slight punctate retie ulocytosis was present by day 1 , a peak reticulocyiosis 
occurred from 7 through 14 days, and punctate RP values did not return to base- 
line until after Hct returned to pre-phlebotomy values (after 3 weeks). 
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5. The degree of increased polychromes ia should correspond to the degree of aggregate 

reticulocytosis. 

It. Types of reticulocytes 

A* In most species, any non- nucleated erythrocyte that contains RNA (stainable with NMB 
or other vital stains) is called a reticulocyte, 

B, In cats, reticulocytes stained by NMB may be classified by two systems. The 
punctate/ aggregate system is the more commonly used. 

1 . Punctate and aggregate reticulocytes 8 

a. Punctate: cells with 2 to 6 small granules of reticulum 

b. Aggregate: cells with large aggregates of reticulum 

c Degree of polychromasia seen on a Wright-stained smear tends to correlate with 
the aggregate RP " 

2, Type I, II, and III reticulocytes 1 *- 10 

a. Type I: oldest form.. Cells are uniform in size and srain light green with faint blue 
stippling. Circulating life span is 3 days; maximum concentration occurs about 
10—12 days after onset of anemia, 

b. Type IT Cells vary somewhat in size and stain light green with large dark gran- 
ules. Circulating life span is about 12 hr; maximal concentration occurs about 4 
days after onset of anemia in an otherwise healthy cat. 

c. Type ill: youngest form. Cells generally are larger than non reticulated cells and 
have blue-green cytoplasm and a heavy dark blue granular network. Circulating life 
span is 12 hr; maximal concentration occurs about 4 days alter onset of anemia, 

III,. Reticulocyte percentage (RP) (also called reticulocyte count) 

A. Definition: percentage of erythrocytes that are reticulocytes in a blood sample. For exam- 
ple, if there are 1 0 reticulocytes per 1 000 erythrocytes, the RP is 1 ,0%, 

B, Basics of procedures 

1 , Manual procedure 

a. Equal volumes of blood and NMB stain are mixed and kept at room temperature 
for at least 15 min, NMB is a vital stain (Le. s it stains living cells), NMB pene- 
trates an erythrocyte and stains (and precipitates) its cytoplasmic RNA. A smear 
of the blood- NMB mixture is made and air-dried for microscopic examination. 

b. The number of reticulocytes observed while counting 1000 non-mideared erythro- 
cytes is recorded. For cats, some laboratories only count the aggregate reticulocytes; 
other laboratories count aggregate and punctate reticulocytes md report both, 

2 + Automated techniques 

a. QBC®- VetAutoread™ : Canine RP is estimated by determining the thickness of 
RNA Fluorescent cells that are at the top of the erythrocyte layer and on bottom 
ot die granulocyte layer, 

h. Flow cytometer methods 

(1) In the CELL- DYN 3, and after staining with NMB and sphering in a special 
diluent, reticulocytes are enumerated by a unique light scatter created from 
precipitated ribosomaJ RNA, RP is determined by the percentage of erythro- 
cytes wirh the light-scattering property. 

(2) In the flow cytometers and after staining reticulocytes with a fluorescent 
nucleic acid- binding dye (thiazole orange), erythrocytes pass through the 
instrument that identifies fluorescent and nonfluorescenr cells, RP is deter- 
mined by the percentage of erythrocytes that are fluorescent. 
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C. An increased RP does hoc always indicare the presence of a reriatlocytosk especially in 
moderate to severe anemias (see Table 2.3). Conversely* a marrow may be responding to a 
mild anemia without generating an increased RP because the rericulocyres marine in the 
marrow before release and thus reticulocytosk k nor seen but the hematocrit steadily climbs. 

D. Microscopic determination of RP has relatively poor analytical precision; therefore,. RP 
should be considered an estimate. Values that are calculated using the RP (he., RC, CRP, 
RPI) should also be considered estimates. 

E. The degree of increased polychromasia should correspond to the increase in RP (except 
for punctate reticulocytes). 

IV. Reticulocyte concentration (RC) (also allied absolute reticulocyte count) 

A. Definition: concentration of reticulocytes in blood expressed as number of reticulocytes 
per pL (or L) of blood. 

B. RC equation (Eq. 2. 2. a). 


RC-RPx(RBC] 

(2.2.a.) 

CRP = RP X — patient’ s Hct 

(2.2.b.) 

average Hct for species 


RPI = C[U> 

(2.2.c-) 

RMT 



V. Corrected reticulocyte percentage (CRP) (also called absolute reticulocyte percent and 
absolute % reticulocyte count) 

A. Calculation of CRP converts RP to a percentage that would estimate the RP if the ani* 
mal were not anemic. 

B CRP equation (Eq. 2,2,b). 

C. In theory, the reference interval for CRP should be the same as the RP reference interval. 
Therefore, if a CRP is greater than the reference interval for that for RP, there is a reiicu- 
locyrosis. 

EX Just as the RP must be corrected for the severity of the anemia, the degree of increased 
polychromasia needs to be interpreted with knowledge of the Hct, 

VI. Reticulocyte production index (RPI) (also called corrected reticulocyte count and reticulo- 
cyte index) 

A. During accelerated erythropoiesk, younger reticulocytes (called shift reticulocytes) may 
be released and they may have longer circulating life spans before becoming mature ery- 
throcytes. Thus, the CRP may be increased due to increased life span of reticulocytes and 
not necessarily increased production. Some people recommend the CRP be adjusted for 
the prolonged life spans by calculating the RPI. 

B. Equation for RPI (Eq. 2,2.c). 

1. Application of the RPI requires that RMT values be known for each species in health 
and during accelerated erythropoiesk. RMT values frequendy written for human 
reticulocytes are as follows: When Hct = 43%, RMT = 1 ,0' day; Hct = 35%, RMT * 
1.5 days; Hct * 25%, RMT = 2.0 days; Hct * 15%, RMT = 2.5 days, 

2. Very few RMT values for domestic animals are available. 

a. In healthy dogs, reported values include a mean of 31 hr, range of 19-43 hr; 10 
values for anemic dogs are not known but probably are longer. 

b. In cats, reported values are 12 hr for aggregate reticulocytes and 72 hr for punc- 
tate reticulocytes. 
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C Until the validity and value of the RPI is established, the GRP or RC should be used to 
assess regenerative status. When interpreting the calculated values in an anemic animal, 
the possibility of longer RMT should be considered. 

VII. Evaluation of reticulocyte values (see Table 2,3) 

CALCULATIONS INVOLVING NUCLEATED ERYTHROCYTES (nRBQ 


I, Correction of [WBC] for the presence of nucleated erythrocytes (nRBQ if the (WBC] is 

really a total nucleated cell concentration 

A. Manual and some electronic methods determine [WBC] by counting nucleated cells or 
nuclei (either of leukocytes or nRBCs). By these methods, a measured [WBC] represents 
the sum of nucleated ceil concentrations (leukocytes plus nRBQ. 

B. If nRBC are observed during the examination of the blood him, they are enumerated by 
counting the number of nRBC seen while 1 00 leukocytes are differentiated and counted. 
The conventional method of recording the number of nucleated erythrocytes is number 
of nRBC/100 WBC (e.g., 10 nRBC/100 WBC). 

C. Rule of thumb: The measured [WBC] is corrected for the presence of nRBC if there are 
10 or more nRBC/100 WBC. The error in the measured [ WBC] is usually clinically 
insignificant when there are less than 10 nRBC/100 WBC. However, the correction may 
be done with fewer than 10 nRBC/100 WBC. 

D. Corrected [WBC] equation (Bq. 2. 3. a). 


corrected [WBC] = measured [WBC] x 


J100 

1 00+ # nRBC / 1 00WBC 


( 23 . a.) 


Example: measured [WBC] - 20,000/ pL, nRBC *25/100 WBC 

corrected [WBC] .20,000/uLx — — — = 20. 000/uLx — =16,000/ uL 

100+25 125 

[siRBC] = measured [WBC] — corrected [WBC] 


| nRBC] = measured [WBC]x 


# nRBC / 1 00 WBC 
1 00 + # nRBC / 1 00 WBC 


( 2.3 Jb.) 

( 23 .e.) 


Example: measured [WBCJ = 20,000 / pL, nRBC = 25/1 00 WBC 

[nRBCJ. 20 , 000 / |lL x -/Z =4,000/ |lL 

125 


[nRBC] = corrected [WBC]x 


# nRBC 
100 WBC 


(2.3.4) 


Example: corrected [WBCJ * 16, 000 /pL, nRBC = 25/100 WBC or 


f non 16,000 WBC 25 nRBC 4,000 nRBC , # f 

[nRBC] = : — x = r — - — - 4, 000 / pL 


25 nRBC 
100 WBC 


pi 


100 WBC 


p L 
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Table 23 . Evaluation of re ticulocyte value s 


Canine 

Un its 

Reference 
iin ft reals 

Dog T 

Dog 2 J: 

Dog 3 i 


Hct 

% 

37-53 

15 

15 

15 


RP 

% 

0.0-1 .5 

3.0 

9.0 

0.0 


CRP 

% 

0 . 0 - 1.5 

1.0 

3.0 

0.0 


[RBC] 

X UXVpI. 

5*5-8. 5 

2.0 

2.0 

2.0 


RC 

X IGYpL 

0-80 

60 

180 

0 



Feline 

Units 

Reference 

intervals 

Cat ! J 

Cat 2* 

Cat 3 f 

Cat 4& 

Cat 

Hct 

% 

24-45 

12 

12 

24 

12 

12 

RP (aggregate) 

% 

0.0- 1.0 

6.0 

2.0 

0.6 

1,2 

0.1 

RP (punctate) 

% 

0.0-10.0 

20.0 

30.0 

30.0 

6*0 

TO 

CRP (aggregate) 

% 

00-1,0 

2,0 

07 

0,4 

0,4 

<0.1 

CRP (punctate) 

% 

0,0-10,0 

67 

10.0 

20.0 

2.0 

0.3 

[RBC] 

x lO'VpL 

5,0-10.0 

2.0 

2.0 

4.0 

2,0 

2*0 

RC (aggregate)' 

X lOVpL 

0-40 

120 

40 

24 

24 

2 

RC (punctate)' 

x lOVpL 

50-300 

400 

600 

1200 

120 

20 


* Dog I: Evidence of increased erythrocyte production is not present. If the marrow is currently 
responding to the anemia, it is nor reflected in peripheral blood. The RP is increased because there are 
fewer erythrocytes, nor because there are more rericuloq'ies in the blood. 

Dog 2: There is evidence of increased erythrocyte production; the marrow is currently responding to 
the anemia. The RP is increased because there are fewer erythrocytes and mote reticulocytes in the blood 
than there are in health. 

c Dog 3: There is not evidence of increased erythrocyte production. Because reticulocytes were not 
seen, decreased production of erythrocytes may be one reason for the anemia. Or, it could be too early 
for a reticulocyte response. 

J Cat 1: There is evidence of increased erythrocyte production. The aggregate reticulocytosii indicates 
increased crvthropoicsis in the past 3-6 days, The punctate ret iculocy tosh ( punctate RC) is consistent 
with the aggregate response and may persist for 1-3 weeks after initial stimulus. 

e Cat 2: Because rhe release of punctate reticulocytes occurs sooner than the release of aggregate reticu- 
locytes, the data could indicate the onset of anemia was within the past 2-3 days. If the anemia has been 
present longer, the aggregate CRP and RC values indicate a poor regenerative response. Possibly the 
punctate reticulocytosk could be present because there was increased erythropoicsis 1—3 weeks ago. 

1 Cat 3: The magnitude of the punctate ret ieulocy rods indicates that a major stimulus for increased 
erythropuiesis occurred 1-3 weeks ago. Absence of an aggregate reticulocytosis suggests that the major 
stimulus has passed and nythmid hyperplasia is present in marrow. 

* Cat 4: Evidence of increased erythrocyte production is not present; decreased production of erythro- 
cytes is probably at least one reason for the anemia if there has been sufficient time for a marrow 
response. 

h Cat 5; Evidence of increased erythrocyte production is not present, Decreased production of ery- 
throcytes is probably contributing to the anemia because the reticulocyte concentrations arc low normal 
to decreased. 

Reference intervals for absolute reticulocyte concentrations arc estimates based on clinical experiences 
and published data for three cats. (Perkins PC, Grindcm CB, CulliflS LD. 1995* Flow cytometric analy- 
sis of punctate and aggregate reticulocyte responses in phlebotomised cats. Am j Vet Res 56; 1 564- 1 569) 
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1, Bail* of equation 

a. While you counted 100 leukocytes, you also counted 25 nRBC. Thus, you actu- 
ally observed 100 leukocytes our of a total of 125 nucleated cells. Therefore, 100 
of 125 nucleated cells (4/5) must be leukocytes* 

b. 11 the measured fWBCf was 20,000/|iL, then 4/5 of the nucleated cells were 
leukocytes and thus the corrected |WRC] is 16,000 leukocytcs/pL, 

2, Calculation of the concentrations of the individual types of leukocytes is done after 
calculation of a corrected [WBC], 

II, tnRBC] 

A, As mentioned above* the conventional method of reporting the enumeration of nRBC In 
blood is relative to 1 00 leukocytes. This method is useful for correcting a measured 
[WBC] hoi may give a false impression of the number of nRBC in blood. For example h 
two blood samples each have 50 nRBC/ 100 WBC. If one sample has a [WBC] of 
50,1)00/ pL and the second sample has a [WBC] of 500/pL, then the tnRBC] in first 
sample is 100 times the |nRBC] in the second sample* 

B. [nRBC | equations 

1. Eq. 2,3.b shows that the difference between a measured [WBC] and a corrected 
| WBC] is the (nRBCR 

2. Eq. 2.3.C shows the formula that is used to calculate a [nRBCJ if the measured 
[WBC] and number of nRBC/ 100 WBC are known,. 

3. Eq. 2,3.d shows the formula that is used to calculate a [nRBC] if the corrected 
[WBC] and number of nRBC/ 100 WBC are known. 

COOMBS’ TEST (DIRECT ANTIGLOBULIN TEST) 

I. Purpose: lb detect ESAIg or complement on a patients erythrocytes, usually to help diag- 
nose immune hemolytic anemia 

II. Method for direct Coombs’ test 

A* A patient's erythrocytes are washed 3 times with saline to remove nonbound proteins. 

B. Antiglobulin is added { species-specific antidgG, anti-lgM* or anti -complement). If sera 
contain two or more types of amiglobulin* then they are called polyvalent antisera. 
Antiglobulins will bind to any IgG, IgM or complement on the washed erythrocytes, 

C. A source of fresh complement proteins is needed for hemolytic reaction of the equine 
Coombs test. The hemolytic reaction is needed because equine erythrocytes may not 
agglutinate in the direct Coombs 1 test, 

D. Positive reactions 

1, Agglutination indicates that a parients erythrocytes are coated with hundreds of 
immunoglobulin or C3 molecules and there was sufficient binding of the 
immunoglobulin of antiserum to cause agglutination (Fig. 2.2), 

a. For agglutination to occur* there must be the appropriate ratio of antigen and 
antibodies. To reduce the possibility of false negative results due to the prozone 
response* Coombs 1 tests arc frequently completed with multiple dilutions of 
antiglob ulin sera, 

b. If there is a prozone reaction, the Coombs’ test might be negative at a 1:2 anti- 
serum dilution* weakly positive at a 1:4 dilution* and strongly positive at a 1 :8 
dilution. 
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Dog's 

erythrocytes ^ Antiglobulin ► Agglutination 



Fig* 2,2* Agglutination reaction of a positive canine Coombs' rest. Washed canine erythrocytes are incubated 
with rabbit anti-dog immunoglobulin. II the dogs washed erythrocytes are coated with dog immunoglobulin, 
the antiserum will cause agglutination of the dog’s erythrocytes when the concentration of rabbit anti-dog 
immunoglobulin is appropriate. 


2. Hemolysis suggests that immune complexes formed between the antiserum 

immunoglobulin and the ESAlg, and these immune complexes led to complement 
activation and erythrocyte lysis. 

111. Coombs' tests arc not standardized and are often unnecessary given other clinical and labora- 
tory' findings. Negative results are common in cases that present, progress, and respond like 
immune hemolytic anemias; positive results do occur in samples from animals without clini- 
cally significant hemolysis. 
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PHYSIOLOGIC PROCESSES INVOLVING LEUKOCYTES 

1. Lcukon: all leukocytes in an animal, including leukocyte precursors, leukocytes in blood and 
lymph, vessels, and tissue leukocytes 

A, Bone marrow contains precursors for neutrophils, eosinophils, basophils, monocytes, 
lymphocytes, and mast cells (considered tissue leukocytes). 

1. Leukopoiesis is pari of hematopoiesis, which is a complex system involving stein cells 
that are capable of self- renewal or differentiation toward a committed cell line (Fig, 
3 . 1 ). 
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Fifr 3.1 * Differentiation ofpluri potential s-tem cells to the committed edi lines of the hematopoietic astern. 

Major features of the hematopoietic system include the following: (I) Proliferation of myeloid and lym- 
phoid cells classically occurs tn marrow and other lymphoid Tissues, respectively, and (2) there are seven non- 
lymphoid cell types and three major types of lymphoid cells produced by the system. 


2, Stem cells look like small lymphocytes via light and t fans mission electron microscopy 
and! are present in bone marrow* spleen, liver* and blood. 

3. Specific stimuli and regulators govern leukocyte differentiation and production. 

B. Lymph nodes, spleen, and thymus contain precursors for R,T, and null lymphocytes, 

C. Leukocytes (white blood, cells, WBC) in blood are in transit from sites of production to 

sites of function or destruction, 

D. Tissue leukocytes 

1* Granulocytes (neutrophils, eosinophils, and basophils) perform their roles in host 
defense and die. 

2. Lymphocytes may undergo blastogenesis* rerurn to blood via lymphatic vessels, or die, 

3. Monocytes transform into histiocytes or macrophages that arc capable of mitosis, per- 
form their host defense functions, and die, 

4. Mast cell precursors differentiate into tissue mast cells* perform their roles in host 
defense* and die; subsets are known. 
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molecule 
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CNR free flowing 
MNP: adhered 


F%. 3.2. Neutrophil kinetics in healrh. 

Marrow has three majior neutrophil pools; (I) sell-renewal stem ceils {CFU-G}; (2) ProNP, or mitotic pooL 
chat contains myeloblasts (Mb), progranulocytcs {Pg) n and myelocytes (Me); and (3) MatNR or postmitotic 
pool, that contains metamyeiocytei (Mmch band neutrophils (0), and segmented neutrophils ($). A SNP is 
within the MatNP and contains segmented neutrophils. When neutrophils leave the marrow and enter blood, 
they distribute between rhe MNP and CNP. After neutrophils bind to adhesion proteins on endothelial cells, 
they migrate into tissues ro form the TNP In the TNP, the neutrophils perform their protective functions 
and die. 


11. Neutrophil pools and kinetics (movement of neutrophils) (Fig. 3.2) 

A. Marrow' neutrophils 

1 . [L-l* IL-3> 1L-G, GM-CSF, and G-CSF stimulate CFU-G to differentiate into the 
neurrophilic ceil line and to enter the ProNP (mitotic pool). 

2. Myeloblasts, progranulocvtes (promyelocytes), and myelocytes divide and mature in 
the ProNP. Programmed cell death occurs in the myelocyte stage to limit ncu- 
tropoicsis in health. During enhanced neu trophies is, fewer cells die in this stage and 
thus more enter the MatNP (postmitotic pool). In healthy mammals* neutrophil pre- 
cursors arc in this pool for about 3 days. 

3. In the MatNR metamyelocytes mature to band neutrophils and then to segmented 
neutrophils. Segmented neutrophils that are ready for release to marrow sinusoids are 
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in a subpool called SNP (storage neutrophil pool). Neutrophilic cells are in the 
MacNP for 2-3 days in dogs and 4-6 days in people. The MarNPTroNP ratio is 
about 4-6, meaning that the number of cells in the MatNP is 4-6 times the number 
of cells in the Pro NR 

4, In health* segmented neutrophils are released from the MatNP to marrow sinuses 
and then to peripheral blood. Neutrophil releasing factors include chemoattractants 
(C5a, IL-S, f-MLR LTB 4> PAF) and cytokine leukocytosis factors (IL-1, IL-6, TNFa, 
TNFfb G-CSF, GM-CSF). 

B. Blood neutrophils 

1„ In health, neutrophils have a blood half-life of about 5-10 hr before they enter 
tissues. 

2. Blood neutrophils are distributed inro two pools as determined by their location in 
vessels. 

a. Neutrophils that are free flowing in blood (and thus collected in blood samples) 
are in a CNP (circulating neutrophil pool)* 

b. Neutrophils that temporarily adhere ro endothelial cells are in the MNP (mar- 
gins ted neutrophil pool). The MNP is located, primarily in small capillaries and 
veins in which neutrophils have the most opportunity ro contact endothelial cells. 
After adhesion, neutrophils may break loose and re-enter the CNP or migrate 
into the TNP 

(1) Inflammatory cytokines (including IL-1 and TNP from macrophages and 
INFy from lymphocytes) stimulate endothelial cells to produce and express 
adhesion proteins (select! ns) that mediate migration and “rolling." 

(2) Endogenous chemical mediators, including LTB 4 and PAP, activate neu- 
trophils leading to expression of high affinity membrane mtegrins; these bind 
to endothelial cell receptors that mediate the process of migration into tissues, 

c« In most mammals, the MNP:CNP ratio is near 1. In cats, the ratio is 33 
d. Major processes rhat influence measured blood neutrophil concentrations 
{ 1 ) Production 

(a) Stem cell proliferation and differentiation 

(b) Effectiveness of maturation in myelocyte stage 

(2) Release from marrow: Oldest or most mature neutrophils preferentially leave 
marrow. 

(3) Distribution of neutrophils between the CNP and MNP 

(4) Migration from blood to tissues: Oldest or most mature neutrophils preferen- 
tially emigrate to tissue. 

C. Tissue neutrophils 

1. Ch.emota.ctic substances such as C5a, IL-8, LTB. 1t and PAF promote neutrophil 
migration to specific sires. Once in tissue, neutrophils do not return to blood. 

2. In health, most neutrophils die in respiratory and alimentary tissues. 

III. Lymphocyte pools and kinetics (Fig, 3.3) 

A, Lymph nodes and other lymphoid tissues 

1 , Mediators st L mu late di fferen tla t io n and p ro 1 3 fora tk>n of R 1 ym phocy tes a nd T lym- 
phocytes. 

2. Lymphocytes leave lymph nodes via efferent lymphatic vessels and enter blood via the 
thoracic duct. 

B. Blood lymphocytes 
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Fig. XX Lymphocyte kinetics in health. 

Lymph nudes and other primary lymphoid tissues arc sites of lymphocyte production but also potential 
destinations of blood lymphocytes. Blood lymphocytes are distributed between marginal and circulating pools 
and may enter lymphoid organs or non lymphoid tissues. Lymphocytes that enter nonlymphoid tissue may 
remain or may enter the afferent lymphatic vessels, be transported to regional lymph nodes, and then perhaps 
to blood via the thoracic duct. 


1 , Like neutrophils, lymphocytes are distributed into two pools: CLP and MLR Most 
lymphocytes in blood are T lymphocytes 

2. From blood, lymphocytes enter lymph nodes and other tissues. 

C. Lymphocytes in lymph nodes 

\ . Lymphocytes migrate to lymph node cortices via specialized! postcapillary venules 
{high endothelial venules): then they migrate through lymph nodes, exit via efferent 
lymphatic vessels, and return to blood, 

2. About 25% of blood lymphocytes enter lymph nodes each day through postcapillary 
venules, which have unique rail endothelial cells and receptors, 

D. Lymphocytes in other tissues 

1, Lymphocytes emigrate to tissues to perform functions; there they may undergo bias' 
togenesis, enter lymphatic vessels to return to blood, or die. 

2. Like neutrophils, migration to tissues involves lymphocyte chemo taxis and binding to 
endothelial cdl receptors, 

H, Major processes that influence measured blood lymphocyte concentrations 

1. Production 

a. Stem cell proliferation and differentiation 

b, Blastogenesis 

2. Distribution of lymphocytes between the CLP and MLP 
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3. Migration from blood to lymph nodes and other tissues 

4. Migration from lymph nodes via efferent lymphatic vessels 

E Lymphocyte life span varies from hours to years, 

IV, Monocyte pools and kinetics 

A. Monocytes and neutrophils share a common bi potential stem cell (CFU-GM) that is 
stimulated to differentiate by inflammatory cytokines, 

B. When released from marrow, monocytes distribute between marginated and circulating 
pools, 

C. Like other leukocytes, monocytes emigrate to tissues after binding to endothelial cells. 
Once in tissues, monocytes may differentiate into histiocytes, macrophages, or other spe- 
cial i'/x'd cells of the mononuclear phagocytic system. 

V. Eosinophil pools and kinetics 

A, Eosinopoiesis is stimulated by specific mediators including II -5 (eosinophil differentia- 
tion factor) and GM-CSF from mast cells, macrophages, and lymphocytes. 2 

B, There are marginated and circulating blood eosinophils. They circulate in blood from 
minutes to hours and die in tissues (duration in tissues not established, maybe weeks or 
longer). 

C, Eosinophils have phagocytic and bactericidal properties, they inactivate mediators from 
mast cells, and they attack larval and adult stages of a few parasites. 

VI, Basophil pooh and kinetics 

A. Basophils originate in bone marrow, where their production and differentiation is con- 
trol led by 1 1,-3 and other cytokines. 

B. Their marrow transit time is at least 2,1 days* their circulating half-life is about 6 hr, and 
they may survive for as long as 2 weeks in tissues. 

C. Basophil emigration to tissues is promoted by IL-T TNFct, and endotoxin and is similar 
to the process used by neutrophils. Basophils are activated by IL-3 and IgE binding. 
Basophil granules contain substances that promote hypersensitivity inflammatory reac- 
tions and attract eosinophils. 

VII. Mast cell kinetics 

A. Mast cell precursors are found in marrow and arc derived from a committed stem cell 
that is different from the basophil’s committed stem cell, 

B. Undifferentiated but committed mast cells leave marrow and circulate in blood but they 
are recognized only by special methods that are not used clinically. Finding differentiated 
mast cells in the blood of domestic mammals is considered a pathologic state. 

C. Once in tissues, mast cell precursors differentiate into mast cells, undergo mitosis, or die. 
Mast cells play roles in hypersensitivity reactions, fibrosis, and other inflammatory 
responses in tissues* Mast cells are considered long-lived cells. 

ABNORMAL LEUKOCYTE CONCENTRATIONS IN BLOOD 

I. Abnormal neutrophil concentrations 

A. Left shift 

1. A left shift (shift to the left) is an increased concentration of nonsegmeniod neu- 
trophils (usually bands) in blood. When there is great demand for neutrophils in 
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tissues, younger stages (metamyelocytes, myelocytes, and. rarely progra ituloeytes) may 
be present in the left shift. 

a. Left shifts occur when release of neutrophils from marrow diminishes the SNP 
and younger cells are then released from the MacNR The ability of neutrophils to 
respond to stimuli and migrate increases as they mature; thus segmented neu- 
trophils respond first and immature forms respond later. 
b> Because it usually occurs in response to relatively intense, often acute inflammato- 
ry stimuli, a left shift is frequently considered the hallmark of acute inflamma- 
tion. Such inflammation is typically caused by infectious agents (e.g., pyogenic 
bacteria, fungi) but can be caused by non infectious disorders (e.g., necrosis, 
immune- mediated disease, neoplasia). Glucocorticoid hormones and endotoxins 
also stimulate release of neutrophils and thus may cause a mild left shift, 

2. Left shift classifications 

a. Severity; Two different features might be considered when describing the severity 
of a left shift. Since the terms can describe d ifferent findings* one must be careful 
in interpreting or using the terms. 

( 1) Immaturity of neutrophils in the left shift; bands (I* or slight); band and 
metamyelocytes (2* or moderate); band, metamyelocytes, and myelocytes (y 
or marked) 1, 

(2) Magnitude of nonsegmented neutrophil concentrations: mild (< 100G/pL) T 
moderate (10Q(M 0*000/ pL)> marked (> 10,000/pL). (Ranges are provided as 
examples; such guidelines vary with species.) 

b. Regenerative versus degenerative left shift classifications 

(1) When first described by Dr. O.W. Schalm (father of veterinary hematology), 
specific criteria for classifying left shifts were not provided, 3 

(a) A regenerative left shift is 'characterized by a leukocytosis due to neu- 
trophilia and with the appearance of immature neutrophils in peripheral 
bloodT 

(b) In a degenerative left shift, ‘ total leukocyte count remains within the nor- 
mal range or is only slightly elevated, while the occurrence of young 
granulocytes in the circulation is prominent. 15 

(2) In the 1 986 edition of Stbalms Veter nut ry Hematology, the states were 
described as follows: 4 

(a) ' L Regenerative left shift is characterized by a leukocytosis due to neu- 
trophilia and with the appearance of immature neutrophils in peripheral 
blood, . . » In the typical regenerative left shift* the proportion of various 
immature neutrophils is orderly and follows a pyramidal distribution, 
with the most immature cell being the least numerous. Usually the 
mature neutrophils outnumber the immature cells/’ 

(b) “The main feature of a degenerative left shift is the occurrence of young 
neutrophilic granulocytes in the circulation in numbers exceeding mature 
neutrophils. The leukocyte count is often suggestive of leukopenia, but it 
may sometimes be within the normal range or, rarely, elevated.'’ 

(c) These descriptions allow' for the classification of most left shifts. 

However, a neutropenia with mature forms exceeding immature forms 
does not fall within the classifications. 

(3) Clinical significance 

(a) As defined above, a regenerative left shift indicates that a neutrophil 
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response to the inflammatory state is appropriate and at the time of sam- 
pling, neutrophil production and release are adequately' responding to the 
demand. 

(b) As defined above, a degenerative left shift suggests that neutrophil pro- 
duction and release are nor adequately responding to the demand* 

(4) Samplings from multiple days will better characterize the neutrophil response. 
If the regenerative left shift persists, then neutropoicsis is regenerating a 
replacement population of neutrophils that are being used in tissues to fight 
the invader. If the degenerative left shift persists, then there is inadequate 
neutropoiesis and the animal’s condition is probably deteriorating {or degen- 
erating). 

B. A right shift (shift to the right) is an increased concentration of hypersegmented neu- 
trophils in blood. Hypersegmented neutrophils have five or more nuclear lobes and usu- 
ally indicate older cells that have aged in blood because of increased circulation rime. 

The presence of hypersegmented neutrophils in blood is typically recorded as a comment 
in the CBC results and not as a separate part of a leukocyte differential count. 

I , Glucocorticoid hormones (endogenous or exogenous) decrease emigration of neu- 
trophils to tissue by down- regulating adhesion molecules, and thus can cause a right 
shift, 

2, Other causes of a right shift: Poodle marrow dyscrasia syndrome,* FeLV-associated 
myelodyscrasia/', equine idioparhic hypersegmentatiory vitamin B ]2 deficiency in 
giant schnauzers with an inherited malabsorption syndrome, 6 occasionally chronic 
inflammatory diseases, and in vitro aging due to delayed analysis. 

C. Neutrophilia (increased measured blood neutrophil concentration) {Table 3.2) 

L Acute inflammatory neutrophilia 

Table 3 2. Diseases and conditions that cause neutrophilia 
Inflammatory 

"Infections: bacterial, fungal, viral, protozoan 
■"Immune hemolytic anemia 

“Necrosis: hemolysis., hemorrhage, infarcts, burns, neoplasia, sterile inflammation 
Sterile foreign body 
G lucocorticoid- associated 

"Stress (physical or neurogenic) 

Hyperadrenocorticism 
“Glucocorticoid rherapy 
ACTH therapy 
Physiologic (shift) 

“Fight or flight response excitement, fright, pain, exercise, anxiety 
Catecholamine injections: epinephrine or norepinephrine 
Neoplastic 

Granulocyric (myelogenous) leukemia 
Paraneoplastic nentroph ilia 
Others or unknown mechanisms 

Neutrophilia of leukocyte adhesion deficiency 
G-CST administration 

Estrogen toxicosis (early) _ 
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a. T his neutrophilia results from changes in neutrophil kinetics that are due to acute 
inflammatory mediators; the net result is an increased CNP that may contain a 
left shift (Fig, 3,4/7), 

(1) Release from SNP occurs within hours after onset of inflammation and causes 
initial neutrophilia if release exceeds neutrophil emigration to inflamed tissue* 

(2) Release from MatNP causes a left shift and occurs after reduction or dcple- 
rion of SNP 

(3) Increased production from myelocyte stage; It takes 2-4 days before effects are 
seen in peripheral blood, 

(4) Increased production via seem cells; It takes about 3 days before effects are 
seen in peripheral blood; eventually will lead to granulocytic hyperplasia* 

b. Acute refers to the type of inflammatory reaction and nor the duration of the dis- 
ease, The acute inflammatory pattern can be seen in an animal with a prolonged 
inflammatory state if there remains an active need for neutrophils m the inflamed 
tissue. 

c. Inflammatory mediators must enter systemic blood and stimulate marrow cells 
for a neutrophilia to develop. 

(1) A neutrophilia is expected if there is substantial acute inflammation of subcu- 
taneous tissues or internal tissues (respiratory met, pancreas, peritoneal or 
pleural cavity, and occasionally uterus, liver, or intestine) because mediators 
can easily access systemic blood, 

(2) Inflammation of brain, spinal cord, superficial cutaneous lesions, and lower 
urinary tract may not cause a neutrophilia because mediators are lost (to urine 
or skin) or do not leave the protected environment (brain or spinal cord). 

d. The magnitude of inflammatory neutrophilias varies among species and thus 
interpretat ion of specific concentrations differs among species (Table 3,3).. 

c. The inflammatory bovine neutrophilia results primarily from increased produc- 
tion (granulocytic hyperplasia) and not from release of stored neutrophils because 
cattle have a small SNR 

f. The term kukemmd response has been used to describe any extreme inflammatory 
leukocytosis that is leukemia -I ike but proven not to be leukemic The term can 
only be applied retrospectively. Disorders associated with a marked inflammatory 
neutrophilia include focal suppurative lesions (eg-* canine pyometra, pkurftis or 
pvo thorax, peritonitis, prostatitis, pneumonia, abscesses), hemolytic anemia (espe- 
cially immune- mediated) and canine hepatozoo noses. 

g. When an animal has an acute inflammatory neutrophilia, it usually has a lym- 
phopenia, often an cosinupcnia, and occasionally a monocytosis, or toxic neu- 
trophils. In dogs, a mastocytemia may be found. 


Table 33* Species differences in the magnitude of inflammatory neutrophilia 



Reference 

intervals 

Common 

magnitude 

Occasional 

magnitude 

Uncommon 

magnitude 

Dogs 

3>000— 1 1 ,50 (ft 

1 2,000-303)00 

30,000-60,000 

> 60,000 

Cars 

2.500-1 2.500 

13,000-2 5 >000 

25,000-40,006 

> 40,000 

Horses 

2,250- 8,600 

0,000-20.000 

20,000-30.000 

> 30,000 

Cattle 

600- 4,000 

4 , 000 - 10,000 

10,000—20,000 

> 20,000 


J Neutroph il concentrations a pressed per pL of blood. 
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A. Normal neutrophil kinetics and pools 



Circulating neutrophils 



MatNP 



Marginated neutrophils 


B. ' ' neutrophilia 




MatNP i 


C. Chronic inflammatory neutrophilia 





MatNP 


D. Glucocorticoid-associated neutrophilia 



F. Neoplastic neutrophilia 



Fig. 3-4- Neutrophilia kinetics* 

A- Neutrophil kinetics in health (reduced version of Fig. 3-2) 

B. Acute inflammatory neutrophilia: Neutrophilia occurs because die release of neutrophils from the marrow 
exceeds the migration oi neutrophils to the inflamed tissue. A left shift is created by the release of band 
neutrophils from the MatNP 

C. Chronic inflammatory neutrophilia; Neutrophilia occurs because die release of neutrophils from the mar- 
row exceeds the migration of neutrophils to the jnHamcd tissue. A left shift may not be present because 
granulocytic hyperplasia maintains the SNR 

D. Glucocorticoid-associated neutrophilia; Neutrophilia occurs because of a shift of neutrophils from the MNP 
to the CNR decreased migration of neutrophils to tissue, and release of neutrophils from the SNR and 
sometimes the MatNP. 

E. Physiologic (shifi) neutrophilia; Neutrophilia occurs because of the shift of neutrophils from die MNP to CNR 

F. N&SpldStil neutrophilia : Ncutrophiha occurs because of an uncontrolled proliferation of a done of neoplas- 
tic neutrophil precursors- Acure myelogenous leukemia is depicted, but chronic myelogenous leukemia 
could also cause neutrophilia. 
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2. Chronic inflammatory neutrophilia 

a. This neutrophilia results from changes in neutrophil kinetics when an inflamma- 
tory process continues at least a week during which inflammatory mediators stim- 
ulate development of granulocytic hyperplasia (Fig. 3.40. If the SNP is replen- 
ished, segmented neutrophils are released instead of band neutrophils, and thus 
the left shift diminishes. In addition, other defense mechanisms become active 
and thus the need for neutrophils in tissues may diminish. However, if the 
inflammatory stimulus is more intense, a left shift may persist, ora chronic 
inflammatory pattern may never be reached, in these disorders, there is increased 
production of neutrophils due to granulocytic hyperplasia and increased neu- 
trophil release from SNP in response to inflammatory mediators. When the rate 
of neutrophil release from marrow is greater than the rate of neutrophil margina- 
tion and emigration to tissues, a neutrophilia develops. 

b. Chronic indirectly refers to the duration of the disease; the inflammatory process 
has persisted long enough to result in granulocytic hyperplasia. 

c. When an animal has a chronic inflammatory neutrophilia, other leukocyte abnor- 
malities may include lymphocytosis (with or without reactive lymphocytes), 
monocytosis, eosinophilia, basophilia, a left shift, a right shift, and toxic neu- 
trophils. 

3. Glucocorticoid-associated (stress) neutrophilia 

a. This neutrophilia results from changes created by the effects of endogenous or 
exogenous glucocorticoids on neutrophil kinetics (Fig, 3.4 D). Although this neu- 
trophilia is frequently called a stress neutrophilia , it should not be confused with 
the physiologic (shift) neutrophilia that may result from the stress-induced release 
of catecholamines. 

(1) Neutrophils shift from the MNP to the CNP because the production of 
adhesion molecules is down- regulated. 

(a) This process can potentially double measured neutrophil concentrations 
in canine, equine, and bovine blood. Greater increases in measured neu- 
trophil concentrations may occur in feline blood because of the larger 
feline MNP 

(b) Because of this shift, fewer neutrophils emigrate to tissues and thus neu- 
trophils have an increased circulating life span. The older neutrophils 
may become hype rsegme need. 

(2) Increased release of neutrophils from marrow: Mostly segmented neutrophils 
are released but glucocorticoids may cause release of band neutrophils and 
thus a mild left shift. 

b. Classic glucocorticoid leukogmms are seen most frequently in dogs, where they 
consist of a mature neutrophilia (2-4x URL), lymphopenia, monocytosis, and 
eosinopenia. The magnitude of neutrophilia varies with, different glucocorticoids 
and dosages, The effects on neutrophil kinetics diminish with chronic elevations 
in glucocorticoids. 

C. Blood may have a mild left shift (typically < 1000 band neutnophils/pL). a right 
shift, or no shift. 

d. Typical glucocorticoid effects differ among species of animals (Table 3.4)* 

4. Physiologic (shift) neutrophilia 

a,. This neutrophilia results from effects of catecholamines (typically associated with 
Fran excitement* and exercise) that cause a shift from the MNP to the CNP (Fig. 
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Table 3*4. Expected leukocyte concentrations in animals with glucocorticoid- associated 
leuk ograms 


Leukocyte 

concentrations 

Dogs 

Cats 

Horses 

Cattle 

Total WBC (/pi) 

15,000-35,000 

20,000-30.000 

1 5,000-20,000 

6,000-18,000 

Segmented neutrophil 

T 

t 

T 

WRJ-t 

Band neutrophil 

WRI-slight T 

TO 

\VRI 

WRI 

Lymphocyte 

1 

1-WRI* 

l-WRl* 

1 

Monocyte 

WRI-T 

wri-T 

WR1 

1-WRI 

Eosinophil 


WRT 

WRL 

i-WRl 


J There is a paucity of spccies-spmfk data, but some references suggest that cars and horses may not 
develop glucocorticoid -induced lymphopenia as consistently as dogs and cattle. 

^ Decreased eosinophil concentrations in routine CBC results typically are not reliable because of the 
imprecision of leukocyte differential counts. 

1 Ecsinopenia typically is not recognized because the lower reference limit lor eosinophils is U/pL, 


3A£). The shift may be due to the change in fluid dynamics that results from 
increased blood flow rate, especially in lungs/ 1 Neutrophil adherence to endothe- 
lial cells may also be reduced. Lfl 

b. Magnitude of neutrophilia may be up to twice the URL. for canine, equine, and 
bovine blood; potentially up to 3-4 X URL for a cat because of a cat's larger 
MNP. 

c. Seen most frequently in healthy animals and mostly in cats; leukocyte concent ra- 
tions return to reference Intervals relatively fee (hour) if the stimulus disappears. 

d. Because the increased blood flow rate alters kinetics of other leukocytes, there also 
may be increased concentrations of other leukocytes, especially lymphocytes. The 
entire response results in a physiologic leukocytosis, 

5. Neoplastic neutrophilia 

a. Neoplasia of neutrophilic cell line (granulocytic or myelogenous leukemia) 

(1 ) Neutrophilia is due to uncontrolled proliferation of cells. The causes of neu- 
trophilic leukemias are generally not known. In cats, there is a high associa- 
tion with FeLV Infections. 

(2) Typically, there is an extreme neutrophilia with a marked left shift, especially 
in bone marrow (Fig, 3Af)* 

b. Paraneoplastic leukocytosis 

(1) Ncopkstic tissues produce G-CSF or a similar substance that stimulates neu- 
rropoiesis. 

(2) Canine neoplasms associated with extreme neutrophilic leukocytoses include 
rectal adenomatous polyp , 11 renal tubular carcinoma. 1 and metastatic 
fibrosarcoma. 1 J 

6. Other conditions or unknown 

a. Neutrophilia of leukocyte adhesion deficiency 

(1) Bovine leukocyte adhesion deficiency 14 

(2) Leukocyte adhesion deficiency in Irish setter dogs 15 

b. Neutrophilia induced by G-CSF administration 

c. Neutrophilia of estrogen toxicosis; Neutrophilia occurs 2-3 weeks after estradiol 
injections, 1 * 
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Table j.5> Diseases and conditions that cau se neutropenia 

inflammation 

Overwhelming tissue demand 

"Overwhelming bacterial infections: equine salmonellosis 
' Some viral infections: canine and feline parvovirus, equine influenza 
"Variety of inflammatory states in cattle: mastitis, pneumonia 
Endo toxemia of Gram-negative bacterial infections 
Peripheral destruction 
Immune neutropenia 
Hemop hagocy tic synd tomes 
Granulocytic hypoplasia 

Infectious: parvovirus (dogs, cats), FeLV, Toxoplasma, Ehrlichia 

Neoplastic: primary or metastatic 

Toxic 

Predictable; estrogen, chemotherapeutic drugs, chloramphenicol (cats), bracken fern 
Idiosyncratic: phenylbutazone, griseofulvin 
Marrow necrosis 
Myelofibrosis 

■H 

1 neffect i ve product ion 
Immune neutropenia 

Suspected in animals; dipbenylhydantoin and phenylbutazone toxicosis 
Chronic idiopathic neutropenia (G-CSF deficiency) 

Cyclic hematopoiesis 

Cyclic hematopoiesis of gray collies 
Cyclic he matopo iesis associated with FeLV 

Ndtet: I -Mrs specific disorders or conditions are not complete hut are provided to give examples- 
Some dogs of the Belgian Tcrvuren breed have lower neutrophil concentrations than reference inter- 
vals for most dogs. (Greenfield CL, Mcssick JB, Solter PR Schaeffer DJ, 3999, Leukopenia in six healthy 
Belgian Tcrvuren, J Am Vet Med Assoc 2 1 5; 1 ! 2 1 - 1 1 22) 


D. Neutropenia (decreased measured blood neutrophil concentration) (Tabic 3+5) 

1. Inflammatory neutropenia (overwhelming tissue demand) (Fig. 3.5$ 

a. Neutropenia occurs during an overwhelming or severe acute inflammatory dis- 
ease, If associated with an endotoxemia, margin a cion of neutrophils may be a 
dominant change in neutrophil kinetics, 

b. Neutropenia results when marginal ion in vessels or emigration of neutrophils to 
inflamed tissue exceeds the release of neutrophils from marrow. 

(1) Cytokines and chemoattractants stimulate marginal ion and emigration of 
large numbers of neutrophils to inflamed tissue. This movement may occur 
within hours of introduction of an infectious agent. 

(2) Neutrophil releasing factors stimulate a sudden release of neutrophils from the 
SNR After the SNP is depleted, cells in the MatNP are released and thus a left 
shift is typically present. However, there may not be a left shift even with the 
release of cells from the MatNP because the total measured neutrophil concen- 
tration may be less than the URL for the band neutrophil concentration. 

c. Cytokines also stimulate increased production of neutrophils, but the results , arc- 
no t expected for at least 2 days. 
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A. Norma! neutrophil kinetic s and pools 
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C, Inflammatory neutropenia (endotoxemia) 
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B. Inflammatory neutropenia (overwhelming} 
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D. Peripheral destruction neutropenia 
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Fig. 3.5. Neutropenia kinetics. 

A. Neutrophil kinetics in health (reduced version of Fig. 3.2) 

B. inflammatory neumpmht (overwhelming tissue demand): Neutropenia occurs because the margi nation 
and migration of neutrophils into the inflamed tissues exceeds the release of neutrophils from marrow. 

C. Inflammatory neutropenia (endotoxemia): Neutropenia occurs because endotoxins stimulate the margins 
lion of neutrophils (sequestration of neutrophils in the MNP), Endotoxins may also affect marrow cells to 
cause increased release of neutrophils, (see text). 

D. Peripheral destruction neutropenia: Neutropenia occurs because neutrophils are being destroyed hy 
macrophages; perhaps because of anti -neutrophil antibodies. If persistent, granulocytic hyperplasia will 
develop unless there is concurrent destruction of precursor cells. 

E« Granulocytic hypoplasia neutropenia: Neutropenia occurs because there is decreased neutrophil production 

F. Ineffective production neutropenia: Neutropenia occurs because a disorder prevents an orderly maturation of 
neutrophil precursors in the marrow and thus there is decreased neutrophil production. 
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cL If bone marrow is examined during die illness, cell populations reflect rhe changes 
in the leukoti. 

(1 ) Early" depletion of SNP arid possibly decreased MatNP 

(2) 2-3 days: increased ProNP without increased MatNP 

(3) 5-7 days: granulocytic hyperplasia from increases in horh ProNP and MatNP 
e. Inflammatory neutropenia is common in cattle because they have a relatively 

small SNP. Once there is a demand for neutrophils, there is not a sudden release 
of neutrophils from bone marrow to create a neutrophilia The following 
sequence is the expected bovine response with acute inflammation induced by 
introduction of Entcro batter aerogenes into berating quarters, 4 
U) Initial neutropenia (within 6 hr) 

(2) Significant left shift (by 24 hr) 

(3) Nadir of neutropenia (by 31 hr) 

i. The severity of the neutropenia typically will be greater in bacteremic than non- 
bactcrcmic cattle with mastitis/' 

2* Inflammatory neutropenia due to endotoxemia (Fig, 3.5 Q 

a. This neutropenia occurs because endotoxins released from Gram-negative bacteria 
cause the rapid shift of neutrophils from the CNP to the MNP This effect lasts 
for 1-3 hr after a single exposure. Endotoxins induce the release of inflammatory 
mediators (e.g.. TNF, IL-ll that promote the adhesion of neutrophils to endothe- 
lial cells. Concurrent activation of the neutrophils may cause oxidative damage to 
endothelial cells. ]H 

b. Because of several factors, a neutropenia may no longer he present when a veteri- 
narian examines an endotoxemic animal. 

(1) Endotoxins stimulate release of neutrophils from bone marrow in about 
8-12 hr. 

(2) Endotoxins stimulate increased production of neutrophils, which affects 
blood neutrophil concentrations in, about 3-5 days. 

(3) Other inflammatory mediators may concurrently alter neutrophil kinetics. 

c. Most studies of endotoxin-induced changes in neutrophil kinetics involved injec- 
tion of endotoxins. In spontaneous infections, other mediators are probably also 
altering neutrophil movement. 

3. Peripheral destruction neutropenia (Fig, 3,5 D) 

a. Immune neutropenia 19 * 0 

(1) Anti' neutrophil antibodies bind to neutrophils that are destroyed by the 
mononuclear phagocytic system. 

(2) Factors that induce the pathologic process are nor established in domestic 
mammals. 

(3) Animals may he responsive to glucocorticoid therapy 

b , Neu tropen ia o f hemo phagocytic syndrome 2 1 ' :3 

(1) Neutropenia may be one of multiple cytopenias associated with phagocyte 
hyperplasia, 

(2) In people, the acqui red syndromes are associated with a variety of infectious 
and neoplastic states.- 4 

4, Granulocytic hypoplasia neutropenia (decreased production neutropenia) (fig- 3,5£) 
a. Granulocytic hypoplasia occurs when there is damage to either stem cells or cells 

of the marrow microenvironment. The hypoplasia causes decreased, neutrophil 
production* 


yriqht 


material 


i 


3 / LEUKOCYTES 


6 ' 


H 


b, I his fdrra of neutropenia, it differentiated From other neutropenias by persistence 
of neutropenia {usually without a left shift, though, secondary infections may 
result in left shifts) and borte marrow examination findings of granulocytic 
hypoplasia. Typically, maturation within the neutrophilic cell line is complete and 
orderly. Because the disease may cause damage to other cell lines in the marrow, 
concentrations of other blood cells (e.g., erythrocytes* platelets) may be decreased. 
There may not he a lymphopenia because lymphopoiesis in other lymphoid tis- 
sues may not be impaired* 

5. Ineffective production neutropenia (neutropenia of ineffective ncutropoiesis) (Fig, 
3.5/-) 

a, Ineffective production occurs when neutrophil precursors are defective or dam- 
aged. and die before they are released from marrow. 

b. Lack of an orderly maturation sequence in marrow samples suggests there is a 
maturation arrest (e.g., hyperplasia up to one stage, then hypoplasia after than 
stage). There also may appear to be a failure to release (he., may have a persistent 
neutropenia and a concurrent granulocytic hyperplasia in the marrow), 

C Ineffective neutropoiesis is characterized by a persistent neutropenia (with little or 
no left shift) concurrent with marrow hyperplasia prior to the defective stage. A 
monocytosis may be present because stimulation of CFU-GM results in more 
cells differentiating toward monocytes and neutrophils. Lymphocyte concentra- 
tions typically are WRI . 

d. Chronic idiopathic neutropenia was reported in a rottweiler dog that had a G- 
CSF deficiency. 2 ^ The dogs marrow had granulocyte and mononuclear cell popu- 
lations indicative of a maturation arrest. The findings suggested that G-CSF was. 
needed for terminal neutrophil differentiation. 

6. Cyclic hematopoiesis 

a. Canine cyclic hematopoiesis (cyclic neutropenia) 

( 1) Canine cyclic hematopoiesis k a hereditary disorder of gray collies and gray 
collie crosses. The specific defect is not known but involves either a pluripo- 
reni or totipotent stem cell, 

(2) Its diagnostic features result from 1 1- to 1 4-day cycles of neutrophil, erythro- 
cyte, platelet* and monocyte production that result from cyclic differentiation 
of stem cells toward committed stem cells. The cycle of neutrophil produc- 
tion is out of sync with the other cycles,. 

(3) Affected dogs are susceptible to infections because of recurrent neutropenia 
and, are usually £0 prior to 6 months of age. Anemia Is usually mild because 
the life span of erythrocytes is longer than the 11- to 14-day cycle. A 
thrombocytosis maybe present and defective platelet function has been 
described. 

b* Cyclic hematopoiesis associated with FcLV~ 

II, Abnormal lymphocyte concentrations 

A* Lymphocytosis {increased measured blood lymphocyte concentration) {Table 3.6) 

1. Chronic inflammatory lymphocytosis (Fig. 3.6® 

a. This lymphocytosis results from increased lymphopoiesis in response to chromic 
antigenic or cytokine stimulation; reactive lymphocytes may be seen, 

b. Lymphocytosis is part of a hyperplastic lymphoid system; there may be concur- 
rent enlarged lymph nodes or lymphoid hyperplasia in other tissues. 
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Table 3-6. D i seases and cond i tions th at cause lymphocytosis ^ ^ 

Ch ro nic i nflam marie n 

^Bacterial infections* especially rickettsial 
Fungal infections, primarily systemic 
Viral infections: FeLV El A. BLV 
Protozoan infections, especially babesial and theil trial 
Physiologic (shift) 

"Fight or flight response: excitement, fright* pain, exercise, anxiety 
Catecholamine injections: epinephrine or norepinephrine 
Neoplasia 

"Lymphoma (BLV, FeLV, idiopathic), leukemic phase 
Lymp hocy i i c Luke m i a 

Hy poad re nocorricism 

Note: Lists of specific disorders or conditions are not complete but are provided to give examples. 
Puppies, kittens, and foals have higher lymphocyte concentrations than mature animals of the respective 
specics. 


c. Lymphocytosis is usually mild to moderate (2-3X URL); occasionally there will 
be a marked lymphocytosis (> 30.000/pL). 

d, Concurrent leukogram abnormalities commonly include a neutrophilia (mature, 
perhaps with right shift or left shift) and/or a monocytosis and occasionally an 
co-si noph ilia and/or basophilia. 

2, Physiologic (shift) lymphocytosis (Fig. 3.60 

a. This lymphocytosis results from shifting of lymphocytes from the MLP to the 
CLP (especially from the spleen) that is promoted by exogenous or endogenous 
catecholamines. The lymphocyte shift is probably mediated through both 
increased blood flow rate and decreased lymphocyte adherence to endothelium. 11 ’ 

b. The magnitude of lymphocytosis may be up to 2X URL, and the lymphocytosis 
usually lasts minutes to hours. 

c. Morphologic changes in lymphocytes arc not expected but there are data to indi- 
cate that the catecholamine effect is mostly on NK cells, which may appear as 
large granular lymphocytes. 111 

d. As with shift neutrophilia, shift lymphocytosis is seen most frequently in cats, 
young horses, and healthy animals, 

3, Neoplastic lymphocytosis (Fig, 3.6/2} 

a. This lymphocytosis results from neoplastic proliferation of lymphoid cells in 
lymph nodes, bone marrow, or other tissues, 

b. BLV and FeLV are known to induce neoplastic transformation of lymphocytes 
hut not all forms of lymphoid neoplasia in cats and cattle ate caused by these 
viruses. Causes of lymphoid neoplasia in other animals are not known, 

c. BLV infections may induce a persistent lymphocytosis without the other 
features of lymphoid neoplasia (blast transformation, tissue manifestations of 
lymphoma). 

d. Usually the neoplastic lymphocytosis represents the leukemic manifestations ol 
lymphoma; ix„ neoplasia started in lymph nodes (or other lymphoid tissues) and 
spread to blood. If neoplasia begins i n bone marrow, then it is a primary lympho- 
cytic leukemia. 
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D. Neoplastic lymphocytosis 



Fig. 3*6. Lymphocytosis kinetics. 

A. Lymphocyte kinetic t in health (reduced version ol Fig. 3.3) 

B. Chronic inflammatory lymphocytosis: Lymphocytosis occurs because of increased lymphopoiesis associated 
with the immune response to the inflammatory agent. The lymphocytosis is a part of lymphoid hyperplasia. 

C. Physiologic (shift) lymphocytosis: Lymphocytosis occurs because of the shift of lymphocytes from the MLP 
to the CLP 

D. Neoplastic lymphocytosis: Neoplastic lymphocytosis occurs because of an uncontrolled proliferation of a 
lymphoid cell clone. This figure illustrates the leukemic manifestation of lymphoma; see text for other 
lymphoid leukemias. 


e, Leukemia is classically characterized by a marked to extreme lymphocytosis with 
many lymphocytes having abnormal or ‘Immature morphologic features. The 
diagnosis is easiest if both criteria are present and difficult when they arc not, 

4, l ymphocytosis of hypoadrenocorticism (Addison s disease) 

a. This lymphocytosis may be due to an absence of glucocorticoid hormones, which 
normally inhibit lymphocyte production or alter lymphocyte distribution in the 
body. 

b. Dogs with hypoadrenocorticism may have a lymphocy tosis. ALWAYS think of 
hypoadrenocorticism if you have an obviously stressed dog with a normal to 
decreased neutrophil concentration and lymphocytosis (stress should cause the 
opposite — neutrophilia and lymphopenia)* especially in azotcmic dogs. 

c. The classic leukogram of hypoadrenocorticism consists of a low-normal m 
decreased neutrophil concentration, high- normal to increased lymphocyte con- 
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Table 3-7. Diseases and conditions that cause lymphopenia 

Acute inflammation 

"Acute bacterial infections 
* Acute viral infections 
Endotoxemia 
G lucoco rt i co id associated 

^Stress (physical or neurogenic) 

Hyperadrenocorticis m 
' " G I u toe oct icoi d therapy 
ACTH therapy 
Depletion 

Lymphoid effusion: chylo thorax., feline cardiomyopathy 

Loss of afferent lymph: alimentary lymph oma, enteric neoplasms, granulomatous enteritis, 
paratuberculosis, protein-losing enteropathy; lymphangiectasias ulcerative enteritis 
Lymphoid hypoplasia or aplasia 

Immunosuppressive drugs or whole body irradiation 

Destruction of lymphoid tissues: muliicentric lymphoma, generalized lymphadenitis 
Combined immunodeficiency of horses (Arabian, Appaloosa) and dogs (basset hound, 
Cardigan Welsh corgi, Jack Russell terrier) 

Thymic aplasia of bhcLpled Danish cattle 

jVtfM: Lists of specific disorders or conditions are not complete but are provided to give examples. 


cent rat ion, a normal monocyte concentration, and a high- normal to increased 
eos i nop h il conce ntration . 

“Lymphocytosis” of young animals 

a. Puppies, kittens, calves, and foals have higher blood lymphocyte concentrations 
than adult animals. Lymphocyte concentrations in cattle increase until about 1 yr 
of age and then gradually decrease over the years in adults. 4 

b. Compared to adult reference intervals, the apparent lymphocytosis may be up co 
2X URL 

EL Lymphopenia (decreased measured blood lymphocyte concentration) (Table 3,7) 
l. Acute inflammatory lymphopenia (Fig, 3,7/4) 

a. This lymphopenia results from changes in lymphocyte kinetics stimulated by 
acute inflammatory mediators that reduce the CLP 23 

(1) Increased marginafkm and emigration of lymphocytes to inflamed tissue 

(2) Homing of lymphocytes to lymph nodes by increasing the rate of migration 
through postcapillary high endothelial cells 

(3) Reducing the rate of lymphocytes leaving lymph nodes via efferent lymphatic 
vessels 

h, Most acute inflammatory leukograms with neutrophilia or neutropenia also have 
lymphopenia. Disappearance of lymphopenia is generally considered a good prog- 
nostic sign* 

c. Historically, lymphopenia was considered to be due to the stress associated with 
acute inflammation and not due to the inflammatory process itself. Stress of an 
illness may induce the lymphopenia, but documentation of such a pathogenesis 
was not found. 
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A. Acute inflammatory lymphopenia 


B, GluCOCorticoid-associaled lymphopenia 
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C, Depletion lymphopenia 


D. Lymphopenia of lymphoid hypoplasia or aplasia 
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Fig+ 3.7+ Lymphopenia kinetics. 

A, Acute inflammatory lymphopenia; Lymphopenia occurs because of (1) i n creased migration of lymphocytes 
to inflamed tissue, (2) homing of lymphocy res ro lymph oid Tissues, and (3) decreased movement of lym- 
phocytes from lymph nodes back to blood, 

B, Cflit coco rtiand- associated lymphopenia: Soon after administration of glucocorticoids, lymphopenia occurs 
because of the movement of lymphocytes to marrow or the decreased efflux of lymphocytes from lymph 
nodes,. With persistent administration, glucocorticoids can hccome Ivmphntoxic, which leads to destruc- 
tion of lymphocytes in lymph nodes and other tissues. 

C, Depletion lymphopenia: Lymphopenia occurs because lymphocytes ate lost from the vascular system with a 
loss of lymph or lymph-rich fluid. 

D, Lymphopenia of lymphoid hypoplasia or aplasia: Lymphopenia occurs because of decreased lymphocyte 
production. 


2. Glucocorticoid-associated (stress) lymphopenia (Fig. 3,7 B) 

a, This lymphopenia results from the changes in lymphocyte kinetics caused by 
endogenous or exogenous glucocorticoids, 

(1) Immediate; shift of lymphocytes from CLP to other pools; once effects of 
glucocorticoids diminish, lymphocytes return to blood. Some reports indicate 
the lymphopen ia is due to decreased efflux of lymphocytes from lymph 
nodes r L> whereas other data indicate a redistribution to bone marrow. 30 ' 31 

(2) Later: Lymphotoxic effects cause lymphoid hypoplasia and thus decreased 
lymphopoiesis, Sensitivity of lymphocytes to glucocorticoids varies with the 
species and also w ith the stage of lymphocyte development. 32 


Copyrighted material 








71 


FUNDAMENTALS OF VETERINARY CLINICAL PATHOLOGY 


Table 3*8, Diseases and conditions that cause monocytosis 

Inflammation 

"Infections: bacterial (including rickettsial), fungal, protozoan 
"Necrosis: hemolysis, hemorrhage, neoplasia, infarction, trauma 
G t ucocort ico id -assoc ia ted 

"Stress (physical or neurogenic) 

Hype rad renoco rti c is m 
*Glucncori icoid therapy 
ACTH injection 
Neoplasia: monocytic leukemia 
Secondary to immune neutropenia 
Cyc l ic hernatopo ics is 
G-CSF administration 

Nett; Lists of specific disorders or conditions arc not complete but are provided to give examples. 


b. Typical causes arc the same as mentioned for glucocorticoid-associatcd neu- 
trophilia, and it is usually considered the most common lymphopenia in all 
species. The severity and duration of lymphopenia are generally proportional to 
dose and/or duration of increased glucocorticoids. 

3* Depletion lymphopenia (Fig. 3.7 Q 

a. This lymphopenia is produced by loss of lymphocytes from the body via loss of 
lymphocyte-rich lymph or ait incomplete lymphocyte circulation pathway. 

b. Disorders that cause this lymphopenia are not common, 

4 . Lym pb open 1 a of Ivmpho id hypoplas Ea or ap las ia { Fig. 3. 7 D) 

a. This Lymphopenia is caused by either congenital or acquired lymphoid hypoplasia 
or aplasia that results in decreased lymphocyte production. 

b. Because most blood lymphocytes are T lymphocytes, selective aplasia of T lym- 
phocytes will cause a more severe lymphopenia than a selective aplasia of B 
lymphocytes. 

5 • Lym ph ope n i a of ly mpho ma 

a. Lymphopenia is common in animals with lymphoma. 

b. The lymphopenia may be due to decreased production (damage to lymph nodes) 
or altered lymphocyte kinetics (disrupted circulation patterns). 

HI. Abnormal monocvtc concentrations 

* 

A, Monocytosis (increased measured blood monocyte concentration) ( Fable 3.8) 

1 . I nH a minatory mo nocy tosi s 

a. Acute and chronic inflammatory diseases may cause monocytosis by cytokine 
stimulation of monocyte production and release. 

b. Monocytosis generally reflects a need for macrophages in diseased tissue or blood, 

2. Glucocorticoid-associated (stress) monocytosis 

a. Glucocorticoid hormones or drugs are a common cause of monocytosis in dogs 
and cars, bur they cause minimal to no changes in horses and cattle, 

b. Monocytosis is probably due to a shift in monocytes from a marginated pool to a 
circulating pool, 

3. Neoplastic monocytosis (monocytic leukemia} 

a. Typically characterized by a marked monocytosis with many morphologically 
abnormal monocytes 
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b. Relatively uncommon form of leukemia compared to granulocytic and lymphoid 
leukemias 

4. Secondary to immune neutropenia: Because neutrophils and monocytes share a com- 
mon bi potential stem cell, there may be increased monocytopoiesis when there is 

i ncftccti vc neut to po ics is, 

5. Cyclic hematopoiesis (see Abnormal Leukocyte Concentrations in Blood, LD.6) 

6. G-CSF: G-CSF may be administered to promote neutropoiesis but it will also pro- 
mote monocytopoiesis , 

B. Monocytopenia: Monocytopenia is difficult to document because there can be relatively 
few blood monocytes in healthy domestic mammals. Monocytopenia is not considered a 
d iagnosti c p rob Ictn . 

IV. Abnormal eosinophil concentrations 

A, Eos inoph ilia {increased measured blood eosinophil concentration) 

1. Most eosinophil ias appear to be related to eosinophil anti-inflammatory functions or 
to the attraction of eosinophils to tissues after mast cell or basophil degranulation, 

2. An eosinophiha suggests the possibility of many disease states (Table 3.9). 

3. Persistent mild eosinophilia is occasionally seen in clinically healthy mammals in 
which parasitism or other subdin seal disease cannot be detected. 

4« Many animals that have parasitic diseases (including heartworm disease) will not have 
an eosinophilia. Organisms char infect blood cells (e*g», Ha&n&barttweita* Babesia, 
Cytauxzoon, Hepatozaon) are not expected to cause an eosinophilia. 

Table 3.9. Diseases and condkions that cause eosinophilia 

Hypersensitivity (allergic) disorders 
n Flea bite dermatitis 

Hypersensitivity to staphylococcal or streptococcal proteins 
Milk allergy in ruminants 
Asthma and eosinophilic respiratory disorders 
Piarasitism 
Ectoparasites 
Heart worms 

"Tissue nematodes, trematodes, and protozoa 

Dogs: Dir&filaria, Dipetabnema, Spiroctrca* Strongybidcs* Trkhuri s t and Paragmiimm 
infections; larval migration of hookworms and roundworms, Habronema 
Cats: Pamgommus, Aeleurostrongylus 
Horses: Str&ngybides 
Carrie: SurcmystL 
Idiopathic eosinophilic conditions 

M Dogt eosinophilic myositis, eosinophilic gastroenreriris, eosinophilic panosteitis, 
eosinophilic pneumonitis, eosinophilic granuloma complex in Siberian Huskies 
"Cat: eosinophilic granuloma complex, eosinophilic enteritis., hypcteositrophilic syndrome 
*Mast cell degranulation caused by inflammation: cutaneous, respiratory, intestinal* genital, 
urinary 

Mast cell neoplasia 

Hy poadrenocort ids m. 

Ne oplastic eosinophilia (eosinophilic leuke mia, paraneoplastic eosinophilia) 

Note,’ Lists of specific disorders or conditions are not complete hut are provided to give examples. 
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Table 3.10, Diseases and conditions that cause eosinopenia 

G lucocomcoid- assoc ta ted 

"Stress (physical or neurogenic) 

Hype rad renoco rt i cism 
K ' Cl 1 uCoCO rl i a j id I h C rftpy 
ACTH therapy 
"’Acute inflammation 

Diseases causing a hypoplastic to aplastic marrow 

Note: Low eosinophil concentrations in routine CBC results may not be reliable because of the impre- 
cision of leukocyte differential counts. 

B. Eosinopenia (decreased measured blood eosinophil concentration) 

1 . By itself, eosinopenia is of tittle diagnostic significance* However, eosinopenia may be 
part of either an acute inflammatory or glucocorticoid leukogram (Table 3, TO). 

2. Because eosinophil concentrations in healthy animals are typically low and a calculat- 
ed eosinophil concentration in CBC results may not be accurate, the observed 
eosinopenia in CBC results may not truly represent a pathologic state, Also, reference 
intervals for eosinophil concentrations in some species have 0 as the lower reference 
limit. 

V. Abnormal basophil concentrations 

A. Basophilia (increased measured blood basophil concentration) 

1 . Only substantial or persistent mild increases in basophil concentrations above 
200-300/pL should be considered definitive basophilias because of the imprecision 
of leukocyte differential counts (especially when dealing with a minority cell 
population), 

2, A cause of basophilia may not be apparent but can be associated with allergic, para- 
sitic, and. neoplastic states (Table 3.1 1). 

B, Basopcnia (decreased blood basophil concentration): Basopenia cannot be documented 
with routine leukocyte differential counts because basophil concentrations are typically 
very low in domestic mammals. Basopenia is not known to be clinically significant. 

Table 3.1 1 . Diseases and conditions that cause basophilia 

Allergic reactions (immediate or delayed) 

Drugs, foods, inhalants, insect stings/bites 
Parasitism 
Fleas 

Gastrointestinal parasites such as nematodes 

Vascular parasites such as Dim filar id mmitis and Dipetalmetna reamdimm 
Neoplasia 

Basophilic leukemia 
Mast cell neoplasia 
Feline myeloproliferative diseases 
Lymphotnauud gra n ulomarosis 
Esse ntial th rom bocyi he m ta 
Poiycyt h em la vera 

Note: Lists of specific disorders or conditions are not complete but are provided to give examples. 
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Table 3.12« Disorders reported to be associated with mastocytemia 

Neoplastic disorders 

Cutaneous mas: cell neoplasms 
Visceral mast cell neoplasia 
Non-neoplastic disorders in dogs 
M Inflammatory 

Enteritis, especially parvovirus 

Fibrinous pericarditis and plcuritis 

Bacterial peritonitis 

Aspiration pneumonia 

Acute pancreatic necrosis 

Immune hemolytic anemias 

Renal failure associated with acute inflammation 

Inflammatory skin diseases: flea-bite hypersensitivity, atopy, sarcoptlc mange, food 
allergy; some with secondary pyoderma 
Hemorrhage secondary to hemophilia in dogs 

Gastric torsion in dogs 


VI. Abnormal mast cell concentrations 

A, Mastocytemia (mast cells detected in peripheral blood) 

1. Finding one mast cell in a blood film or buffy coat preparation of domestic mammals 
is considered to indicate the presence of mastocytemia. The term mastocytemia is pre- 
ferred over mastocytosis because mastocytosis may refer to increased mast cell numbers 
in tissues, other than blood. Father term may refer to neoplastic or non -neoplastic 
mast cell populations, 

2. Disorders that may cause a mastocytemia (Table 3.12) 

a. Mastocytosis in cats occurs in two forms* systemic and splenic, and mastocytemia 
may be seen in either. 3 * 57 

b. Cutaneous mastocytoma is a common neoplasm of dogs that may spread to blood 
and hemic organs 

c. Non-neoplastic disorders in dog?- (Table 3,1 2 ) 59 ' 42 

B. Because no mast cells are expected in blood of healthy domestic mammals, decreased 
concentrations do not occur, 

LEUKOGRAM PATTERNS 

I. Although each type of leukocyte is unique* alterations in blood leukocyte concentrations fre- 
quently occur in predictable patterns that are summarized in Table 3.1 3. The characteristic 
features of most patterns are seen in all domestic mammals, but there are significant species 
differences. 

A. Dogs 

1. Typically, dogs have the most pronounced acute inflammatory leukocytosis, 

2. The classic glucocorticoid or "stress" pattern is probably most common in dogs, 

B, Cats 

i, Higher MNP:CNP ratios pi us- their "fight or flight” responses make them more 
prone to a physiologic leukocytosis. 

Fc TV-induced changes create alterations in both cell concentrations and appearance. 
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Table 3*13* Major leukogram patterns 





Segmented 

neutrophil 

Total 

WRC 

Segmented 

neutrophil 

Non- 

segmented 

neutrophil 

Lymphocyte 

Monocyte 

Eosinophil 

Acute inflammatory 

T 

t 

T 

i 

wri-T 

t-Wki 

Chronic 

T 

t 

wri-T 

wri-T 

wri-T 

WRI-t 

inflammatory 

Glucocorticoid 

associated 

T 

T 

WRI- 
slighc T 

i 

T 

i 

Physiologic 

T 

T 

WRI 

t 

wri-T 

WRI 

leukocytosis 

Acute overwhelming 

i 

i 

WRI-T 

l 

WRI 

i-WR[ 

inflammatory 

Acute inflammatory 

i 

i 

WRI 

i 

WRI 

i-WRI 

with endotoxemia 

Granulocytic 

i 

i 

WRI 

WRI 

WRI 

WRI 

hypoplasia 

Ineffective 

i 

l 

WRI 

WRI 

WRI-T 

WRI 

neutropoiesis 

Hypoadrenocorticism 

WRI 

i- WRI 

WRI 

WRI-T 

WRI 

wri-T 

Hemic neoplasia 

ITT" 

? 

? 

> 

> 

> 


AW; See text for species differences, especially for cattle* 

A Neoplastic cell line is expected to be increased; other cell lines typically are WR1 or decreased. 


C. Horses 

1 . Horses frequently have little to no neutrophilia or left shift during inflammatory states, 

2, A pronounced left shift is uncommon unless toxic changes are present. 

D, Cattle 

1 . Common inflammatory states (such as mastitis or pneumonia) result in an inflamma- 
tory neutropenia because of the relatively small neutrophil storage pool. 

2. Inflammatory states can result in marked lymphocyte atypia that can he very difficult 
to differentiate from neoplastic changes. 

II. Recognizing a leukogram pattern aids in the understanding of art animals illness. However, 
not all disorders will produce classic patterns, concurrent processes can complicate patterns, 
and there is considerable overlap among some patterns. 

ABNORMAL MORPHOLOGIC FEATURES OF LEUKOCYTES 

L Changes associated with inflammatory diseases 
A, Toxic neutrophil (see Plate \.A, B, and O 

l . Ioxic neutrophils are neutrophils with any or all of the following characteristics that 
arc called toxic changes. 

a. Foamy cytoplasm; cytoplasmic clearing due to dispersed organdies. (Note: Similar 
cytoplasmic appearance may be due to in vitro changes related to sample deterio- 
ration, The foamy vacuolization should not be confused with the clear, discrete 
vacuoles that develop in neutrophils exposed to EDTA for a few hours.) 43 
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b, Diffuse cytoplasmic basophilia: retention or persistence of cyroplasmic RNA dur- 
ing maturation 

c. Cytoplasmic Dei ble’s inclusion bodies (focal cytoplasmic basophilia, Ddhie bod- 
ies): irregular, round to angular, blue-gray cyroplasmic structures that are aggre- 
gates of rough endoplasmic reticulum that contains RNA 

rL Asynchronous nuclear maturation: Nuclei have finely granular lobes separated by 
filaments or pronounced indentations. 

e. Giant neutrophils:: larger neutrophils released from marrow because of asynchro- 
nous cellular maturation 

f Possibly hyalinized nuclei: severely damaged cell; may represent deterioration or 
autolysis 

g. Toxic granules: primary granules that are still visible in the later stages (usually 
not seen after the progranulocyte stage); uncommon in domestic mammals and 
seen mostly in horses 

2. These structural changes in neutrophils represent maturation defects that occur dur- 
ing rapid neutropoiesis. 

3, Apparently healthy cats may have neutrophils with Dohle's inclusion bodies. 
Therefore, feline Dollies inclusion bodies without other toxic changes generally are 
not reported as a toxic change in cats unless they are frequent and prominent, 

4 Neutrophils with toxic changes are commonly associated with severe bacterial infec- 
tions but can be found in non infectious states including after G-C5F administration, 
in turpentine-induced inflammation, 44 and in dyscrasias induced by cefonicid and 
cefazedoneA* 

5. Toxic changes can be graded based on types and degree of toxic changes, but classifi- 
cation systems have not been standardized. Probably the more severe the toxic 
changes, then the more severe the inflammatory state in the animal. 

6. Toxic neutrophils (especially band and metamyelocyte stages) can be confused with 
some monocytes. 

a. If a cell is a toxic band, you should also be able to find similar toxic changes in 
segmented neutrophils, 

b. If a cell is a monocyte, you should be able to differentiate it from a segmented 
neutrophil that has the dear to pale pink cytoplasm, 

c. In some cases, immature toxic neutrophils cannot be reliably distinguished from 
monocytes on a Wright-stained blood film. In these cases, accuracy of a leukocyte 
differential count may not be as important as recognizing that left shifts and toxic 
changes indicate that animals have severe inflammatory diseases, 

B. Giant neutrophils (see Flare l.Q 

1 . Giant neutrophils arc segmented or band neutrophils with a diameter of 14-20 urn; 
they are larger than typical blood neutrophils with diameters of 1 M3 pm. They 
probably form because of a skipped cell division in neutro poles is, 

2. Giant neutrophils may be associated with increased neuiropo tests caused by inflam- 
mation, in which case they represent a toxic change; they are seen most commonly 
in cats, 

3. They also are seen in the Poodle Marrow Dyscrasia syndrome, FeLV infections, and 
after administration of chemotherapeutic drugs that inhibit cell division. 

G Hypersegmented neutrophils (see Flare l.D) 

l. A hypersegmented neutrophil has a nucleus with five or more definitive lobes separat- 
ed by filaments. 
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2, They typically represent old neutrophils and are seen with increased blood concentra- 
tions of glucocorticoids (see Abnormal Leukocyte Concern radons in Blood, LB). The 
aging effect can. also be seen as an in vitm artifact of delayed sample analysis. Their 
cause is unknown in horses with idiopathic neutrophil hypersegmen ration. 

3. They may occur with myclodysplastic syndromes or leukemias involving the neu- 
trophil series. 

D. Reactive lymphocytes (see Plate 1,/f* /; O', and H) 

1 . Reactive lymphocytes (plasmacytoid lymphocytes, immunocytes, virocytes) represent 
either stimulated 3’ or B lymphocytes and can be found in blood of animals with a 
variety of acute and chronic inflammatory diseases. They are more common in 
chronic than acute inflammatory states. Rare reactive lymphocytes can be found in 
most blood samples but an increased number of them can indicate an inflammatory 
disease. They are common in. young animals. 

2. Reactive lymphocytes may have a variety of structural features that are considered to- 
be reactive changes: increased amount of cytoplasm; enhanced cytoplasmic basophil- 
ia; perinuclear halo; prominent focal Golgi zone; and eccentric, enlarged, cleaved* 
convoluted, lohulared, or hilobed nuclei. The most consistent changes are increased 
amount of cytoplasm and increased cytoplasmic basophilia. 

3. Reactive hyperplasia can result in lymphoblasts and other lymphoid cells with mitotic 
nuclei in the peripheral blood, 

4. Individual reactive lymphocytes can be impossible m distinguish from neoplastic 
lymphoid cells* especially in cattle. The more pleomorphic the cells are, the more 
likely they represent neoplasia and not hyperplasia. 

E. Changes in monocytes associated with inflammation (see Plate l.i) 

1* Monocytes can have increased cytoplasmic basophilia and hyperchromatic nuclei. 
Such “reactive monocytes*' are seen in .some inflammatory diseases, especially systemic 
fungal diseases and immune-media ted disorders. During microscopic examinations* 
they can be confused with typical and reactive lymphocytes. 

2. Monocytes can also acquire the features of macrophages* with abundant gray to blue- 
gray cytoplasm, with or without vacuoles, and large round to oval nuclei. Cells with 
this appearance are usually associated with systemic infections such as histoplasmosis, 
ehrlichiosis, or leishmaniasis, 

II. Leukocytes that contain hemosiderin, erythrocytes, or nuclear antigen-antibody complexes 

(LE cells) 

A. Sideroleukocyte (see Plate 1 ./) 

L A sideroleukocyte is a neutrophil or monocyte containing hemosiderin. On Wright- 
stained blood films, hemosiderin is a blue-green or yellow-brown pigment; its pres- 
ence should be confirmed with an iron stain (Prussian blue, Mallory’s). 

2. Sideroleukocyies are rarely found but can be seen with hemolytic anemias (particular- 
ly equine infectious anemia) and posrtransfusion. 

B. Erythrophage {see Plate 1 , K\ 

1. An erythrophage is a monocyte or neutrophil that has engulfed an erythrocyte, 

2. It is occasionally seen in immune hemolytic anemias such as idiopathic immune 
hemolytic anemia in dogs, equine infectious anemia, and neonatal isoeryth rolys is. 

C. Lupus erythematosus (LE) cell 

1 , A LE cell is a neutrophil that engulfed nuclear antigen -antibody complexes. With a 
Wright stain, this material appears as pink or pale blue, homogenous inclusions of 
variable sizes. 
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2„ Rarely seen in domestic mammals even in the LE cell rest that attempts to produce 
the Cell hi vitro, 

III. Organisms in leukocytes 

A. Bacteria 

L Rarely, bacteria may be found within neutrophils of bactercmic patients. 

2. When bacteria are found in blood, one must attempt to determine if the bacteria 
represent a bacteremia or a sample contaminated with bacteria - 

B. Canine distemper inclusions (see Plate 1 L) 

1, Inclusions appear as homogeneous* red to purplish red or pale blue, pleomorphic 
but homogeneous cytoplasmic inclusions; they are found in neutrophils., monocytes, 
lymphocytes, and erythrocytes. Quick stains (eg., DifF-Quik) stain the viral particles 
better than traditional Roman owsky stains (e.g<, Wright, Wfight-Gicmsa). 

2, They probably occur in die early viremic stage and before clinical illness,. They are 
rarely observed in North America, 

C. Ehrlichia! morulae (see Plate 1 . M, N, and O) 

1. Ehrlichia spp. can invade and multiply in the blood leukocytes of many species 
(I able 3. 14). 

2. Host range of the monocytic ehrlichia! species tends to be li mited, but the granulo- 
cytic forms are not as host specific. 


Table 3.14. Major ehrlichia! species that infect leukocytes of domestic mammals 





Hosts 


Frequency of finding 

Gena- 

Ehrlichia! 


(common 


morulae in blood 

group 

Species 

Disease name 

listed first) 

Cells infected 

leukocytes 

l 

H cart is 

Canine ehrlichiosis* 

Dog 

Monocyte, 

Reported to be in 



tropical 


lymphocyte 

25%— 30% of cases,* 



pancytopenia 



but are rare findings 
in more recently diag- 
nosed cases 

1 

Er ewingii 

Canine granulocytic 

Dog 

Neutrophil, 

Q „ 1 %- 1 0% of neu fro* 



ehrlichiosis 

People 

eosinophil, 

phils in first few days 





very rarely 

of illness; rare there- 





monocytes 

after 

II 

eqttt 

Equine ehrlichiosis 

Horse 

Neutrophil, 

l%-50% of neutrophils 




Dog 

eosinophil 

in first few days of 
illness 

II 

E, phago- 

lick fevei', bovine 

Cattle 

Neutrophil, 

7.5%-3U% of leuko- 


cytophihi 

ehrlichiosis 

Sheep 

eosinophil 

cytes 5—10 days after 




Goat 


infection 15 

III 

.£ ristidt 

Equine monocytic 

Horse 

Monocyte 

Very rare 



ehrlichiosis* Roto- 

Dog 





mac horse fever 

Cat 




Source: 1 Fruy GC, Vulgamotr JC, Turnwald GH, 1980. Canine ehrlichiosis: A retrospective study of 30 
naturally occurring cases. ] Ant Anim Ho$p Assoc 16:181-187, 

'■ Pusterla N ? Huder J, Wolfensberger C, Braun U f lutt H, 1977. Laboratory findings in cows after experi- 
mental infocrion with EhtUchia phagocytophiLi. Clin. Diagn Lab Immunol 4:643-647, 
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3. Ehrlichia! species that infect domestic mammals are usually considered separate from 
those that infect man ( Ehrlichia chaffeemk E„ sennetsu, and human granulocytic 
agent). However, human isolates have been found that could not be distinguished 
from E, ewingii by nuclei acid sequencing and PCR testing. 4 '*' 37 Also, 16S rRNA and 
groE DNA sequences suggest that E. equi t E. pbagocytopbila , and the human granule^ 
eyrie agent may be strains of the same species, 48 -' 19 

4, Ehrlichia spp. are located in cytoplasmic vacuoles; the resulting clusters of organisms 
(2 to > 20) are called morulae, which have typical diameters of 1. 5-4.0 pm and stain 
pale to dark blue-gray with a Wright stain. In granulocytic forms, there may be more 
than one morula per leukocyte. Morulae should not be confused with Dollies inclu- 
sion bodies, platelets lying on leukocytes, or blebs of nuclear membrane, 

D* Hepatam&n americamtm (see Plate Li 3 ) 

1, H. amerkanum is a protozoa whose gametocytes infect canine neutrophils and mono- 
cytes; prior to 1997, the North American organism was classified as H. cants™ Game- 
tocyces are oval to elliptical, pale blue, and about 6-10 pm in length. They may fill a 
cells cytoplasm and cause peripheral displacement of the cell’s nucleus. The organism 
may escape from the cell and leave a nonstaining area surrounded by a capsule. 

2. In North America, it is found mostly in the southern or Gulf Coast states and may 
be associated with a leukocytosis. 

E. Histoplasma capsuktum (see Plate 1, Q) 

1. The yeast phase of H. capsuktum can be found singly or multiply in the cytoplasm of 
monocytes (or macrophages), neutrophils, and occasionally eosinophils of peripheral 
blood. Cells containing Hutoplasma can usually be more easily found at the feathered 
edge of blood films (because larger cells are concentrated in the feathered edge) or on 
buffy r coat preparations. 

2. Organisms are round to oval, about 2-4 pm in length, with a prominent cell wall; 
internal structures are commonly eccentric anti stain pale blue and/or dark pink to 
purple. 

3. When found in blood, the infection has advanced to disseminated histoplasmosis and 
organisms on typically be found m macrophages of bone marrow, spleen, liver, 
lymph nodes, and other tissues. 

F. LcEhmania spp. (see Plate 1 . H\ 

I „ hfubmania is a protozoa that is found primarily in Mediterranean* Central American* 
and South American countries. However* it has been found in research colonies in 
Ohio and Oklahoma,* 1 ** 2 in Texas and Maryland dogs A*-* 4 and in dogs from other 
southeastern states, 15 

2, Organisms (amasiigotes) appear as oval to teardrop structures in macrophages; they 
are 2-3 pm long with eccentric reddish nuclei and small cytoplasmic red bars (kineto- 
plasts). Amasrigotes must be differentiated from Htstapiasma, which is about the 
same size, has a thicker cell wall, but does nor have a kinetoplast. 

3. Macrophages laden with amasrigotes are usually numerous in bone marrow, lymph 
nodes* spleen, and, liver, 

G. Mycobacterium spp, (see Plate 1.5 and 7) 

1, Rarely, a mycobacterial infection may become systemic and mycobacterial organisms 
will be found in peripheral blood neutrophils or monocytes, 

2. Mycobacterial bacilli are unique in that they do not stain with a Wright stain (nega- 
tive staining reaction) and thus appear as clear rods within neutrophils or 
macrophages. 
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H, Sizrcocystis spp. 

1. Large oval merozoites of Sarcocystis can be found in bovine mononuclear cells during 
experimental infections.^ 57 Mciozoitcs are about 3-4 pm X 11M 2 pm and contain 
azurophilic nuclear material 

2, 1 he hematogenous merozente is not a reported observation during natural 
infections.. 

I. Toxoplasma gondii (see Plate 1 .U) 

1. Fachyroites of Tox&plama gt)ndu arc rarely found in blood neutrophils and mono- 
cytes of dogs and cats with acute toxoplasmosis. 

2. They arc more common m macrophages of infected tissues (lung, intestine), 

IV. Hereditary' disorders that have leukocyte Inclusions, (All are rare,) 

A. Chediak- Higashi syndrome™ 

1 . Chediak- Higashi syndrome is a hereditary disorder of blue-smoke Persian cats, 
Hereford cattle, other nondomestic mammals, and man. 

2. Diagnostic features include large specific granules in cytoplasms of neutrophils, 
eosinophils, and basophils. Abnormal granules reflect fusion of granules (lysosomes), 

B. GM 1 gangliosidosis™ 

1. GM, gangliosidosis, a hereditary disorder of Friesian cattle, Siamese and Korat cats., 
English springer spaniels, mixed breed beagle dogs, and Portuguese water dogs, is 
caused by a deficiency of (^-galactosidase. 

2. Diagnostic features include small, distinct, clear cytoplasmic vacuoles in lymphocytes 
in Wright-stained blood films. 

C. GM, gangliosidosis 60 - 6 1 

1. GM 2 gangliosidosis is a hereditary disorder of Yorkshire pigs, German shorthaired 
pointers, and cats caused by a deficiency of ^-hexosaminidase. 

2 ? Diagnostic features include dark blue granules in neutrophils and prominent 
azurophilic granulation in lymphocytes. 

D. Hereditary anomaly of neutrophil granular ion in Birman cats 62 

L This anomaly is an autosomal recessive trait in purebred Birman cats. 

2 . Diagnostic features include prominent fine eosinophilic granulation in the cyto- 
plasms of neutrophils that must: be differentiated from toxic granules and inclusions 
of MPS Type VI. Ultrastruc rural morphologic features of granules are normal 

E. MPS Type [*>■« 

1. MPS Type 1 is a hereditary disorder in domestic cats, dogs, and man caused by a defi- 
ciency of tx-L-iduronidase. 

2, In some stud ies , leu kocycic cyio pi asm i c i nd us ions were seen via t ra nsm i sxion electro n 
microscopy but not in routine light microscopy. Others have found that feline neu- 
trophils have abnormal cytoplasmic granulation (small pink granules). 

E MPS Type W* 

E MPS Type VI is a hereditary disorder in Siamese cats, domestic shorthair cats, and 
dachshunds caused by a deficiency of arylsulfatasc B. 

2. Diagnostic features include the presence of large reddish purple granules in neu- 
trophils that should not be confused with toxic granules (toxic neutrophils have other 
toxic changes). Cytoplasmic inclusions (granules) represent an accumulation of 
mucopolysaccharide. 

G. MPS Type VII ^ 

1. MPS Type VII is a hereditary disorder caused by a deficiency of fTglueuronidase. 
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2. Neutrophils of dogs and cals with MPS Type VII have inclusions like rho.se found in 
MPS Type VI. 

H, Fucosidosis^ 

1. Fucosidosis is caused by a deficiency ofa-L-fucosida.se, an enzyme in glycoprotein 
metabolism, 

2. Lymphocytes of dogs with fucosidosis have cytoplasmic vacuoles. 

OTHER N ON-NEOPLASTIC LEUKOCYTE DISORDERS 

L Bone marrow dyscrasia of poodles^ 

A. This bone marrow dyscrasia is a hereditary disorder seen in miniature and toy poodles,, 
The developmental defect in cell production is not known and there is not a clinical 
problem associated with the syndrome, 

U. Diagnostic features of the syndrome 

1. Hypersegmented or giant neutrophils 

2, Macrocytic normochromic erythrocytes without anemia or reticulocytosis; 0) MCV 
= SO- 1 10 fL (most unaffected dogs: 60-77 fL); (2) MCHC values are WRJ; (3) 

MCH values are increased, (compared to most unaffected dogs). 

IL Idiopathic hypersegmented neutrophils of a horse 7 

A, T'hc diagnostic feature of this syndrome was hypersegmented .neutrophils. Neutrophil 
nuclei had 5-1 1 definitive lobes separated by filaments and about 70% of nuclei had 
7-10 lobes, 

B. The hypersegmentation was not associated with the common causes of hypersegmenta- 
tion* i-c\, hype rad renocortic hm (Cushings disease), exogenous glucocorticoids, or chron- 
ic suppurative inflammation. The cause of the syndrome was not determined; the possi- 
bility that hypersegmentation was due to or folate deficiency was not excluded. 
Clinical significance was not known. 

III. Pelger-Huet anomaly™ 7i (see Plate 1. K W, and A) 

A. Pelger-Huet anomaly is a hereditary' disorder that occurs in several breeds of dogs and at 
least two cat hirers (domestic shorthairh Most clinical cases involve heterozygotes for the 
anomaly; a homozygoric kitten was stillborn." 1 

B. The disorder is characterized by hyposegmen ration of neutrophil, eosinophil* and 
basophil nuclei; the nuclei are round, oval, dumbbell shaped, or occasionally have partial 
segmentation; nuclear chromatin may appear hyperchromatic or normochromaric, but it 
lacks the paler appearance of typical band neutrophils. Monocyte nuclei have decreased 
lobulation. 

C. Pelger-Huet neutrophils should not be classified as band neutrophils (or younger forms) 
because such classifications will result in a left shift and thus indicate an inflammatory 
disease. 

IV. Pseudo- Pelger-Huet neutrophils 7 ^ 7 * 

A, Pseudo- Pelger-Huet neutrophils are seen in cows, occasionally in dogs with severe 
inflammation, and in cats with FeLV-i reduced myeloid leukemia. 

B< The transient defect represents asynchronous neutrophil maturation; some neutrophils 
look like Pelger-Huet cells but others do not. Usually other toxic changes are present 
with severe inflammation. 
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COLOR PLATES 

Hematologic, Urinary, and Serum 

Protein Electrophoretic Abnormalities 

1 . Photomicrographs of leukocyte abnormalities. 

2. Photomicrographs of erythrocyte abnormalities. 

3. Photomicrographs of erythrocyte abnormalities. 

4. Photomicrographs of platelet abnormalities, 

5* Serum protein electrophoresis densitometer tracings, 
cellulose acetate strips, and serum protein concentrations 
from dogs and cats. 

6. Photograph of urine and photomicrographs of urine 
sediment findings* 


i 
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Mile 1. I^otomictugiaphs leukrxyie abnormalities, t All 
are from Wright-stained Wood films,) 

■•■I, lock bund neutrophil with foamy cytoplasm ih.tt con- 
tains DiihJc bodies. burit, B. ItMtk neutrophil, dog. f ■ Toxic 
giant non ropbil with double nucleus and toxic hand neutrophil, 
tit. /). Hypcrsegttreniod neutrophil, horse, £. Itefectivt lympho- 
cyte- Jug. f\ Reactive Ivmphtxvic, Jog. C /. Reactive lymphocyte, 
horse. H. PlaMnacvtuid (.ell. cat. L Act ivated monocyte or 
nutniplu^. cat, /. Skleroleulojcyie, dog. A' trythrophage.. 
hone. L Distemper incluskm, dog (from AWCP '(tide mri- 
mbiurd: hy Dr. j.C. To bey, 1993). M. Morula id lUrlu-hm 
mfiHgii in a neutrophil, dog. N. Mornbc ot t'/rrluhru tifui in a 
neutrophil, horse ilium ASVCI* slide contributed bs Dr j.W. 


\ litFVcv. 19H3), O. Morulac inf Ehrlkhai cjm> in a macrophage of 
cerebrospinal fluid. dog. P Gametocytes of Htp*j#s**n jww- 
ot flHwt in ntfLitrophih, dog llroni slide prov ided by Dr, ELA. 
t .rL-i-nl, Q. Yeast stages of HiitepLisTJbi capsuLitum in a neu- 
trophil, cat. fi. Amasrigotes of Ltishimnid sp. in a minnphny_ 
dog (from ASVCP slide contributed by IX. K.N. LatimcT, 1 990). 

S. Ncg.it ive-staiiiihg Mycabdrtermm sp, in a neutrophil, dog 
{from ASVCP slide contributed by Dr. H,W r Tvedten, f- 

Negativr-fitainiflg Jbfyttk*rtmu*H sp. in j monocyte, dog (from 
AS VCl* slide contributed by Dr. H.W. Tvedten, I9BI). U* 

I lu.hvj'j hi to. iif JwapLtttttA g&ajii ill a neutrophil, tk^. V. Pdger- 
Hutft neutrophil, dog. W. Dumbbell form of TVIgcf'Him neu- 
trophil, dog. A. IVlger-Huet eosirluphil. dog (bitr - 5p4,ro]. 
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I 1 late 2. Photomicrographs ul erythrocyte abnormalities. 
(AH arc from ^'right-sramed blond him-. unless otherwise stated) 
A. Rouleaux, horse; B, AutuagglutinJIiOfl, dog; C. 
Rubricyrasis {mcrambricyte and mbricyte) and polvch.ro- 
■namphilic crvchnocyic. dog D. GHoh eryrhmcyres, do^ £1 
t^podiiomk eryihincyiQ of Fe deficiency, dog; F. Rcriculocyies. 
NMB vjtul stain, dog; G, Reiicuk^yrrs (coarse and fine punciarc), 
NV1H vital stain, L'an H. AnupLumfi fnaiginalc, cow; /. ArhJpLuma 

icT/trmir, ilht-v; J, Babetia emit, dog; K S/iinui gUnorti lLlh; (from 

ASVCP slide contributed bv Dr, A.IL Irizarry- Rovirl cl al.. 


L CyMUxswtt fifth. cat; \t Eptrythmsen umpnii. *nw {From 
ASVO 1 hlide contributed W Dr* li.ti, Welles ct llI . , IW3): N, 
Htwmtartmttk wm. dry; 0. H*mtSanamUa fclti, eat; P. 
l‘/jriJrrja biffili. cuw; Q. Basophilic stippling uf fllunrlbosril, dug; R. 
Distemper Inclusions, dog (From AJiVLif* slide contributed by Dr. 
D.C,". Bern muter. 19S3J; ,5* Distemper inclusions. Difl-Qutk stain, 
dry (tinm AS\'IP slide cnnrrifouted by Dr. |.tt. Duncan, l ( JSl I: 
T. Hemr bodies, cat; U. Hein? bodies. NMB vital sruin. car, V. 
Hemoglobin crystal, dog; d Howell-Jolly ladies, dug; X. Ringed 
Kowd-b jolly body, horse ^b.ir - ‘i Jim). 
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Plate J. [*hotnm.iemgj3.phs of erythrocyte abnormalities. (All 
ait from Wright-stained blood films unless otherwise sliced) A 
Skterocyrcs with siderotic granules. dog R. Maa«oyie and result- 
ing iniwK.ytusiih horse: C. Lcpioeytit. hypochromic microcytes of 
f : c defkicncy, dog; D, Normochromk and pti Lye h ro m a top h 4 PC 
microcytes. portosystemic shunt, dog; F. Acamhocyses- Jog; /■" 
Codocyics. dog; G Dacrocyrt, dog; ft. Anjt2au.1l dacrocytt?* 
dog; /. tvcenincKyies, horse; j. Eehincxytes, dog; K. Kentutyte, 
dog; /, PrelscntQCfta dog; M. Einlded. hypochromic, micro Lyric 


leptocyte of he deficiency. A‘. Ovalocytes. Jog; 0 , PaflCfTed 
cells, dog; P. Pykooqyrc (four o’clock position), horse; Q. 
Pyknocyrcs, NMR virall siain, horse; ft Schirocyres, Jog; i'. 
Sphemcyrcs. dog; T. Acanihairyits and spheroeytes, dog; U. 
SvtrtniaiHK^i rv. Ling (From A.WCP .slide cnmxibtired bv Dr. D.F.. 
Brown ct at,, 1992); V. Tdfucytts, dog; Trypmunvma thrUrri, 
cow I, from AS VO 1 slide contributed by Dr. H. Bender et aJ . 
!W)]; ^ MegaiobJasric mbricyrc, bone marrow, car (bar * 5 j^m). 
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Plate 4. Photomicrographs of platelet abnu mi al i t ics in 
VX t igl 1 1 -si ,i i ned blood films. (Stale bjj in frame /'applies to .ill 
other frames without a bar.) 

A. McpkafyoLytr in feathered edge ri| blood film. doj;. B, 
t arge platelet dump na feathered edge ul blood film. Cow. C. 
Smaller platelet dump surrounded by leukocytes Am i erythro- 
cytes Iti feathered edge of blood film, tow. D, Small platelet 
domp in hudv of blood film, ilitg. £. Platelcr density seen with a 
normal plaicki concentration, dog. F. Platelet density seen with 
thlOmbotytopeniii dog. (V. Platelet Jen sits' seen with marked 
thrombocytosis due to essential throm fiocyrhemu, dog (from 
ASVCP slide contributed by Dr CP Matuldl, IW), ll Small 

duster of four act bated, degranubted pludcts, CM. /, Activated 
gt.mi platelet with pseudopods and ccnrnducd granules, cai. / 
Giant activated platelet with, pseudopod* and ecru ral bed gran- 
ules, Cavalier King Charles spaniel. A.'. Gi.inl platelet. unactiv.tr 


cd. dog. /., Ourigatcd platelet (proplatelct), cow. \t Elongated 
platelet (probable proplaieEet), foal. .'V. MegakaryciMast with 
rjToplasmic blebs. megak arvocyi ic leukemia (M -1 ), dog I front 
ASVCP slide contributed by Dt. J-B. McsskL 198$, O. 
Megakarynblast with cytoplasmic granules and vacuoles, 
megakaryiscyik kukemia CM 7 ), dog (Fmm AS VC I 1 slide con- 
tributed by Dr, J.B, Messidc, 1963). P. Abnormal giant and 
hypugranutar platelet associated with meg akaryoty t ic leukemia 
( M 7) , dog (from ASVCP slide contributed by Dr. J.B. .Messkk, 
1989). Q. Ehrikkia phuyt morulae in three platelets, dog (from 
ASVCP slide contributed! by Dr. b. Gaunt, 19S6>. k. Mateler 
near a neuiro-phiL containing a morula of lihrikhm tu-in$u, show- 
ing similarity of sue bur ditlercni staining, dog. S. Platelet con- 
taining a pruhablc fragment of nuclear materia) that can be mo 
taken for an organism, dog. 7" Platelet overlying an erythrocyte, 
sometimes nmraken for jn erythrocyte induunn, dog. 
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TP 7 4^dL 

Ata 3.7 2 3M0 

Gkrt 3 7 fl;at 3 0-5 4 


Ca|, healthy 


Dog. healthy 

Ref Ini 

TP & 8 fltfL &7 7 fl 

AJb 2 7 2 S-3 S 

Gto b 4 1 gVttL 1 6-4 7 


Dog safeetive 
hypoprotememia 


fti if Jnt 


TP 3 4 p/d L 

■. Alb 1 5 {jAiL 

Glob t.flg^dL 


1 CaL 

panhyperprpiaineiriifl 


Dog. inflammatory 
hyperproteinamia . 

TP 12&CAJL 
Alb 2 0 sttL 
Gleb 10 3 gML 




7 Dog, glomerular 
prote.nurnH 


TP 0.4 g/dL 

Att? 4 4 tu'dL 

Grab SOtt-dL 


TP 523 maidL 


USG r ^ 1 010 


Cat. inflammatory 
dysprotemerrua 

TP 7 4 gAdL 
Alb 2 3 gldL 
Oott b 1 flidL 


Dog 

panhypoprDteinemia 

TP 3,5 g/bL 
Alb 1.7 gjfttL 
Gtob I 0 jrdL 




Dog ^ mortoctooal ’ 
gammopejhy 

TP 10 1 pitiL 
Alb f 4 g/dL 
Glob 8 7 gTdL 


Cat, inflammatory i* 
hypeiprotamemia 


J Dog, 

penhypoproEeinemla 

TP 3 5 gMt 

Alb 1,4 gAJL 

Glob 2 1 q.'dl 


Dog Sente Jqom ■' 
proteinuria j 

TP 530 mgidl 
i 066 


, TP IQTsftJL 
Afb 2.0 S /dL 
Gk* 9 f grdi 
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Plate 5, 5 PE densitometer rraci ngs, cellulose acetate strips, 
and serum protein concentrations lions dogs and, cats, Reference 
intervals for total protein, albumin, and globulin concentrations 
for cats «nl dogs ate in A and E. respectively. 

A. Cat, healthy. The densitometer [racing is within expected 
results for healthy cats and is provided as a reference pattern; 
minor variations in the distribution of protein fractions 
would be found iin orher healthy cars. 

B. Cat, pa n hyp rrp to mu r min. The densitometer tracing is within 
expected tjsulrr for .l healthy cat hut it found in a hyperpro- 
rcintmic sample, thus, protein concentrations are increased 
proportionately fpanhyperpnotcinemia) and are consistent 
with hemnennetm ration due ro dehydration. 

C. Cat, inflammatory dyspmtrinrmid. The densitometer t rating 
shows a selective pattern — relatively less albumin compared 
to the globulin regions. Even though total globulin concen- 
tration is Mi, there arc relatively marc of fit -rfobuli n and 
7-gM>iilin Fractions compared to the other globulin fractions. 
The increased OTgJohulin region is probably due w 
isitressedl concentrations of haptoglobin of B ; - macrugjubuLn 
(positive acme phase proteins). The increased Y-gjobulin 
region is broad- based and is thus due to a polyclonal gam- 
mnpaihy (probably mostly IgjG), Overall, the dyspronrinemia 
is a delayed- response partem caused by an inflimnuiorv 
process of mure than 7 days duration. 

D. Git, inflammatory hyperpmteimmia. the densitometer r rac- 
ing show* a selective pattern— relatively less albumin com- 
pared to the globulin regions. The bypcrglobulinenna is due 
to increased Y-globulin concentration. The increased y-glob- 
ubrt region is narrow and thus could be a monoclonal gam- 
mnpaihv nr a polyclonal ^mmopnhv wirh restricted migra- 
tion. in this ease. a post mortem diagnosis of feline infectious 
peritonitis and the absence of B-lyjttphocyte neoplasia indi- 
cated that the hyperproteinemi a. hypoalbum inem ia, and 
hypcrglobulinetnia were title to chronic inflammation, 

L. Dog, fftalthy. The densitometer tracing is within expected 
results for healthy dogs and is provided as a reference pattern; 
miner variations in the distribution of prcirein fractions 
would be found an Other healthy dtagv, 

E Dog, injiammatorj hffterpmttinemip. The dcnsitomcrer (rac- 
ing shows a selective pattern — relatively Jess albumin com- 
pared to tlte globulin regions. The hypcrglobulliiemla Is due 
m increased [|»- and ^-globulin concentrations. This broad - 
based region represents a pronounced polyclonal ganmiopa- 
thy. In this case, clinical signs and art extremely h:uh prer to 
Ehrlitbia twin indicated that, (he hypefproteinefnia was due 
to a chronic rickerrsial (bacterial) infection. 

Cl, Dog. /I, tnamh gttrrtmofNttfjy. The densitometer tracing 
shows a selective partem — relatively Less, albumin compared 
to the globulin regions. The hyperglubulinemia is due to 
increased p. -globulin cnncenrifinr. The fh-gfohuliii region 
is Contains a narrow peak and an anodal shoulder. The com- 
bination of narrow [Jj-globuLin region and an apparent 
decrease in rhe y-gfobtilin concen [ration is indicative of a 
fflbnuduid gammopjihy of a non-lgt , immunoglobulin. 
This dog’s hyperproteillcrtlij Wits due to a myeloma and the 
strum IgA concentration was marked I V increased- 
H. Dog, pdnbyp&pnririnttaid The densitometer tracing is within 
expected results for a healthy dog hut is found in a hypopro- 
teinemic sample. Thus, protein concemrarinns are decreased 


proportionately (panhypoproteinemia), Causes of panhv- 
poproreinemia include acute blood Joss, maldigestive and 
malabsorptivt: disorders, starvation, cache* ul, and occasional- 
ly hepatic failure. This dog had intestinal lymphoma. 

|, Deg, jtbtKtive kfpoprotriwmm and gfamemi.i r proteinuria 

|, 5fmm, The densitometer tracing shows a wlffiivc partem— 
relatively less albumin compared to the globulin regions. 3 n a 
fiypoproteinemk sample, this selective pattern indicates that 
albumin concentration is decreased more than some globulin 
concentrations, Even though the total globulin concentration 
is decreased, rhe relative excess of’ 0L, -globulin region indi- 
cates that concentrations of other : ; I ■ ti 1 1 1 in fractions 
decreased mare than the ft^gjobtLltn concentration. This 
panern is indicative nf protein-losing nephropathy in which 
the glomerular filtration harrier has become more permeable 
to plasm proteins because of glomerulonephritis or 
glomerular amyloidosis. In such cases, rhere is a relative 
excess of the a -globulin region because « -macruglnbulin is 
too large to pass through the filtration barrier but smaller 
pwteim can- Note that even though there is hypopmreinc- 
mii, hypoalbuminemia. asad bypoglohulinemia, there was 
not truly a panhypoproreinemia because the B : ^g|obulin 
concentration was not decreased. 

2, IMnt. The densitometer (taring shows that most urine pro- 
teins are in the albumin region, consistent with a protein -los- 
ing nephropathy with a glomerular proteinuria. Note that the 
proteinuria is a selective proteinuria because rhe urine protein 
pattern is not the same as the dog's serum protein pattern, 

J, Dog. Hmttkciwt typopyottmmM md Btmt jewi pmeinum 

1. iimuB. "the densiromerer tracing is within expected results 
for a healthy dog but is found -n a hypopnomnertik sample. 
TTuis, prorein concentrations are decreased proportionately 
( panhv poprotei ncm Lah Causes nf panhypopro-reinemij 
include acute blood loss, rrtal digestive and maldhsorptive dis- 
order?,., starvation, cachexia, and occasionally hepatic fiiilure- 
This dog had multicentrk lymphoma with Mo« evils and its 
hvpoprtHeinemia was probably due so multiple processes. 

2, Urine, Most urine proteins are in the [1 -globulin region, con- 
sistent with migration nf immunoglobulin light chains. The 
Bence Jo no urine lest was positive; i.e.- urine supernatant 
was initially dear, formed precipitate at 40' J -6tj°C. cleared at 
HHTC. and then appearances reversed as the sample returned 
to room temperature. Note that the proteinuria is a selective 
proteinuria since the urine protein pattern ti not the some as 
the dogs scrum protein pattern and represents one type of a 
prerenal proteinuria (sec Chap. 8). 

Note; The scrum total protein and albumin concent rations 
were measured by biuret and BCG methods, respectively- The 
Scrum globulin cuUCeiltratiuns were calculated by subtraction 
from the measured values. When foe electrophoresis strips were 
scanned, the drnsitometer was ser so that the darkest protein 
band in the sample caused the maximum deflection of the nac- 
iug pcii- Hy-prrprLUeinpmit Mmfo 1 ; were diluted f either 1:2 or 
1 : 4 ) prior to electrophoresis so that there was j more linear rela- 
tionship between quamity of protein in die darkest band and tfie 
amount af light rhar passes through cbe strip. The urine total 
protein concentrations were measured by the C'oomassie brill iani 
blue assay. The urine samples were concentrated 1 0-fold prior to 
elecrrophnresis. 
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Plate 6. Photograph of urine (A) and phoromierogrjphs of 
urine sediment landings iH-Xl Sediment was unstained except 
where noted (U). A]] plunnnikrognplis were taken using a high- 
dry objective (use approximate scale bar in Frame A} except Fut C 
and Q, which Were taken using a E 0 > objective fuse gray scale 
ban). 

A. USti„, and osmolality of urine samples evich dilTcfcm 
gross appciTJLncw and colors demonstrating that appearance docs 
not ncceMa.ri.ly predict USG ltf »f «il«ii- coUL L-niratm.ii: < I } color- 
less, USG,^ = E .014, osmolality = 410 mosmol/kg HjO; [2) light 
vellow, USC.H - 1 ,0 1 4*. ewnnlaliiy - 331 mnsmol/ltg H.Ot (3) 
yellow', USG^ - 1 .01 3 r osmolality Z'JZ maoiool/kg H .O: (4) 
dark yellow, USG li; = 1.023, osmolality - "53] mctMtiul^lig H^O. 
B, Leukocytes .ind erythrocytes. C. Erythrocytes and few, 1 lewltii- 


cytcs. D. Small bacterial toed, sometimrs in short chains, £. 
Large biioen i! rods and several leukocyte* (courtesy of Dr. Don 
.Schmidt, Univeixitv of Missouri). F. Granular cast. G. Hyaline 
cast How nwgnihcarionfr //, ['pirheiial cell cast, /, Epithelial cell 
cluster (probably transitional epithelial cells)- J. Squamous 
epithelial cells. k\ Ammonium hi urate crystals. L Bilirubin erve- 
uli, A f. { .deium Lurbonaie crvttals. A. ’Calcium uxaJate dihy- 
drate crystals and bacteria. 0. Calcium oxalate munciliydrait 
crystals. P. Cholesterol crystals (courtesy ul Dr. Don SvhialitlE). 
Q, Struvite crystals flaw magnificat ion). B. Sulfa crystals and ery- 
throcytes (courtesy of Dr, Doll Schmidt), A Urk acid crystals T 
Yeasr. LL Blmtattiycsi sp. and several neutrophils, new methylene 
blue stam.. I! Gjpflhitu; sp. ovum (courtesy of Dr. Don 
Schmidt). W. Lipid drupIc'Es, X. Sperm. 
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Table 4.L Abbnev iations and symbols in Chapter 4 


2,3-DPG 

AID 

AIHA 

ALA 

ASVCP 

ATP 

Be 

BFU-E 

BI.V 

Bu 

C3 

C5b-9 

Cb^R 

CFU-E 

CRP 

DEA 

DNA 

DPG 

ECF 

ElA 

ElAV 

Epo 

ESAIg 

EVH 

FAD 

Fc 

Fe 2+ 

Ft : 4 

FeLV 

fT 4 

G6PD 

GI 

GR 

GSH 

Hct 

Hgb 

Hgh-Fe*- 

HMP 

I HA 

II HA 
IL-x 
INF 
IVH 
M6 
M<vEr 


symbol in tables to indicate relatively common disease or condition 

concentration of x; x = analyte 

2 , 3-diphosphoglycerate 

anemia of inflammatory disease 

autoimmune hemolytic anemia 

aminolevulinic acid 

American Society for Veterinary Clinical Pathology 

adenosine triphosphate 

conjugated bilirubin 

burst forming unit— etythroid 

bovine leukemia virus 

unconjugated bilirubin 

complement protein 3 

complement membrane attack complex 

cytocbrome-bs reductase 

colony forming unti^erythroid 

corrected reticulocyte percentage 

dog erythrocyte antigen 

deoxyribonucleic acid 

dipbosphoglvccrate 

extracellular fluid 

equine infectious anemia 

equine infectious anemia virus 

erythropoietin 

eryth rocytc su rf ace-associated I m m unoglobuhn 

ext ravascular hemolysis 

flavin adenine dinucleotide 

iron, cither Fe 2 * or Fe* + 

ferrous iron 

ferric iron 

feline leukemia virus 
free thyroxine 

glucose-6-phosphate dehydrogenase 

gastrointestinal 

glutathione reductase 

glutathione 

hematocrit 

hemoglobin (iron in Ftr N stare) 

methemoglohin 

hexose monophosphate 

immune hemolytic anemia 

idiopathic immune hemolytic anemia 

interleukins (x for Arabic numbers) 

interferon 

i lit ra vascular hemolysis 

eryth roleukemia (form of acute myeloid leukemia) 
eryth roleukemia with eryth res id predominance 
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MCH 

mean cell hemoglobin 

MCHC 

mean cell hemoglobin concentration 

MCV 

mean cell volume 

MDS 

myelodysplast ic synd rome 

MDS-Er 

myelodysplasdc syndrome with eryrhnoid predominance 

MPD 

myeloprol iferative disease 

M f 

relative molecular weight 

mRNA 

messenger ribonucleic acid 

NADH 

reduced nicotinamide adenine dinucleotide 

NAD PH 

reduced nicotinamide adenine dinucleotide phosphate 

NJ 

neonatal isoerythrdysis 

NMB 

new methylene blue 

tiRBC 

nucleated erythrocyte 

o 2 

oxygen 

P 4 co, 

partial pressure of carbon dioxide in arterial blood 

P 

partial pressure of oxygen in arterial blood 

PCR 

polymerase chain reaction 

PFK 

phospho frucw kinase 

PK 

pyruvate kinase 

RBC 

red blood cell, erythrocyte 

RC 

reticulocyte conce n trad on 

SI 

Systeme International d'Unitcs. 

ICiFp 

tumor growth factor-beta 

TIBC 

total iron-binding capacity 

TNF 

tumor necrosis factor 

TP 

total protein 

TSH 

thyroid stimulating hormone, thyrotropin 

t;T, 

total tri iodothy ron i n e 

tT + 

total thyroxine 

UIBC 

unbound iron-binding capacity 

WRI 

within reference interval 


j'VcW. See figure legends for abbreviations that are unique to figures, 


PHYSIOLOGIC PROCESSES 

f. Erythron: all trythrold cells in an animal; includes precursors and erythrocytes in blood ves- 
sels and sinuses of spleen , liver, and marrow (Fig, 4,1) 

A. Erythrocyte precursors 

1 , Erythropoiesis is parr of hematopoiesis,, which is a complex system involving stem 
cells and cytokines (sec Fig, 3,1), Committed stem cells (e.g., CFU-E) respond to 
Epo by either dividing or by differentiating toward rubriblasts, 

2, Renal cells produce Epo in response to renal hypoxia. Renal hypoxia may be due to 
anemia, poor oxygenation of blood (e,g + „ high altitude, pulmonary disease), or poor 
renal perfusion. 

3, After a CFU-E differentiates into a rubriblast, two major cell processes occur, 

a. Cells undergo mitoses to produce more and smaller cells. As IHgb] increases in 
ihe developing cell, Hgb inhibits DMA synthesis and thus fewer mitoses occur. 

b. Cells produce mRNA for synthesis of Hgb and cytoskeletal proteins. 
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Mr R! 


Rc 



(same populations below) 



Fig. 4.1. Eiythrocyre kinetics in health. (Pr = prnrubffcytc. Rc - rubricates Mr - mtiarubricyie, Rt = 
reticulocyte) 

The erythfon contains three niaj. or ponk erythrocyte precursors (mostly in marrow)* blood erythrocytes, 
Linti splenic erythrocytes, After stimulation by Epo, CFU-E differentiate into rubrihla.srs (Rb) and the precur- 
sors proliferate (via mitosis) and mature until erythrocytes (E) are formed. An orderly maturation process 
results in a pyramidal population oferyihroid cells (only the top half is shown). After release to blood, 
erythrocytes circulate in the vascular system to transport 0 : to tissues. A reserve pool of erythrocytes is 
sequestered in the spleen of most mammals, Senescent erythrocytes are destroyed by macrophages. 


4. In the brer stages of mammal i an erythropaiesis, a metambricyte nucleus is extruded 
and engulfed by a macrophage. *1 he resulting anucleate cell is a reticulocyte. 

5, When the nucleated erythrocyte loses its nucleus and ability to produce mRNA for 
protein synthesis, it soon loses the ability to produce Hgb and enzymes. The activities 
of ery throcy tic enzymes are greatest in young erythrocytes and decrease slowly with 
age. Mitochondria deteriorate so that glycolysis becomes the ATP- producing pathway 
in most animals {except pigs that use an alternate energy' pathway involving inosine’h 

S, Hlood erythrocytes 

1, Major features of erythrocytes in different species are compared in Fable 4.2, 

2, Erythrocyte destruction in health (senescence); about 100 million erythrocytes die/ 
hour, ''pound body weight 

a. Old erythrocytes have very little metabolic machinery' (enzymes) to keep them- 
selves functional and deformable. Near death, they become more rigid, spheroid, 
and less able co pass through sinuses. 
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Table 4.2. Comparison of blood ery throcytes in mature healthy animals 



Dogs 

Cats 

Horses 

Cattle 

Reticulocyte concentration (/pL) 

50,000 

40,000* 

0 

0 

RBC concentration (x ](y>/pL) 

6.8 

7.5 

8.0 

7,0 

RBC life span (days) 

100 

70 

150 

150 

RRCsinbloocHX 10'-) 

5.4 

2,1 

400 

280 

RBC diameter (pm) 

7.0 

5,8 

5.5 

5.8 

RBC volume (fL) 

70 

45 

45 

52 

RBC central pallor 

prominent 

mild 

none to mild 

mild to moderate 


Mb ie: All numbers represent approximate averages to illustrate similarities anti differences* they .ire riot 
reference intervals. 

:J Counting only aggregate retie ulocyrw. 

h Based on 40 mL bloodflb body weight and average-sized animals. 


b< Age-relared changes in erythrocyte membranes expose antigens that are bound by 
naturally occurring antibodies that may mediate erythrocyte destruction. 1 
C Splenic erythrocytes 

1 . Spleens of dogs, horses., and cattle have sinusoids and red pulp that are full of ery- 
throcytes; 50%— 60% of a horses erythrocytes can be within, its spleen. Damaged or 
less deformable erythrocytes are removed by macrophages that are adjacent to sinu- 
soids or present in the red pulp. When splenic contraction occurs, erythrocytes art- 
forced into the systemic blood. 

2. Cat spleens are i bought to have closed circulation (blood does not flow through red 
pulp), which is less efficient at removing damaged erythrocytes. They also do not 
have large reserve erythrocyte pools, 

3. Most metarubricyres and about 50% of reticulocytes that are released from marrow 
each day are temporarily trapped in mammalian spleens (except cats)* 

IL Erythrocyte kinetics 

A. Blood erythrocyte concentrations are established by the relative rates of erythrocyte 
production, shifting of erythrocytes to and from splenic sinuses, and erythrocyte 
destruction. 

B. Erythrocyte production depends on the degree and duration of Epo stimulus and the 
ability of precursor cells to respond to Epo. 

111. Hgb; si rue c ure, funa io n , syn t h esi $ „ degradatio n 

A. Hgb structure 

1. Hgb is a tetramer with each globin linked to a separate heme that binds CK. Globing 
are polypeptides, and in mature healthy mammals, each Hgb molecule contains two 
a chains and rwo (d chains. Approximately 95% of an erythrocyte is Hgb on a dry 
weight basis, 

a. Rates of synthesis of heme and globin are balanced and regulated by each other. If 
a precursor has very little heme and Fe J+ is available, there should be increases in 
both heme and globin syntheses, 

b, ll synthesis ol a globin chain is decreased, an animal has a thalassemia. 

c If there are gene mutations that: produce abnormal amino acid sequences in the 
globing, an animal lias a hemoglobinopathy. 
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2. Fe in heme is in the ferrous state (Fe 2t ) and is kept in the reduced state by enzymatic 
reactions catalyzed by Cb^R (NADH-mechemoglobin reductase., commonly called 
just met hemoglobin reductase) and NAD PH diaphorase (NADPH-methemoglobin 
reductase) „ 

3. Amino acids in the globin chains are maintained in a reduced state by reductive reac- 
tions involving glutathione reductase and catalase, 

B. Hgb function 

1, Hgb transports 0 2 from lungs to tissues. In health, Hgb is 100% saturated with CL 
in arterial blood. Hgb-Fe- 1 * does not transport O,. 

2, Hgb plays two major roles in the transport of CO? from tissues; to lungs. 

a. When CO» diffuses into erythrocytes, carbonic anhydrasc catalyzes its reaction 
with H,0 to form H 4 and HCO + . Hgb acts as a buffer fH* + Hgb’ — *• HHgb) 
to remove the H\ and HCO," diffuses from the cell to the plasma. The buffering 
of H* by Hgb facilitates additional conversion of C0 2 to HCOfo When erythro- 
cytes return to lungs, reactions are reversed and C0 2 is released for expiration. 
About 70% of the CO . formed in tissues is transported to lungs via this system, 

b. When CO? diffuses into erythrocytes, some binds with Hgb to form carbamino- 
hemoglobin. About 20% of the CO? formed in tissues is transported to lungs via 
this system. 

C, Hgb synthesis 

1. Hgb synthesis occurs in erythrocyte precursors {rubriblasts through reticulocytes) in a 
series of reactions (Fig. 4.2). 

2, ALA synthetase is the major rare-limiting enzyme. It requires vitamin B c - as a cofac- 
tor, and it is inhibited by higher heme concentrations. 


Hemoglobin Synthesis in Erythrocyte Precursors 


glycine + sucdnyl CoA 
S ALA + S ALA 


5-ALA synthase & B& 
porphobilinogen synthase ^ 


5 porphyrin reactions 
protoporphyrin IX + Fe 2 '* 
heme 


ferrodielatase 



4 ferri hemes + 4 globins 
metherrogiobin 


■> 


SALA 

porphobilinogen 

protoporphyrin IX 

home 

ferriheme 

methemoglobin 

hemoglobin 


Hemoglobin Degradation in Macrophages 


hemoglobin 


*■ heme 



bili verdin 

Fe 2 * 

CO 


bilirubin {onoonjugat^j) 


« — *- globsns 


amino adds 


Fig. 4,2. Hemoglobin synthesis and degradation. 

* Hemoglobin synthesis in erythrocyte preeurfont The synthesis of Hgb has three major components: i ] ) series of 
porphyrin reactions, (2) incorporation of Fe :+ into protoporphyrin IX to form heme, (3) anti binding of 
four feni heme and four globin molecules to form hemoglobin. 

* Hemoglobin degradation in macrophages: In health, senescent erythrocytes are engulfed by macrophages and 
heme is split from globin chains. Heme is degraded to bilirubin, Fe 2 ’, and CO, The globin chains arc 
degraded m amino acids. 
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3. 5-ALA synthetase, porphobilinogen synthase, ferrochelarase, and coproporphyrinogen 
oxidase ate inhibited by lead. 

a. In lead toxicity, inhibition of these enzymes leads to higher concentrations of 
heme precursors in erythrocytes. Collectively porphobilinogen through protopor- 
phyrin IX are called porphyrins. 

b. Porphyria is a condition in which there arc increased concentrations of por- 
phyrins in erythrocytes, plasma, or urine and it can be an acquired (as in lead tox- 
icity) or a congenital condition. Animals with porphyria are prone to photosensi- 
tivity. 

4, Maturation rate of erythrocyte precursors is affected by [Hgb] in their cytoplasms. If 
Hgb synthesis is incomplete, additional mitoses during a cell’s development will 
result in the production of smaller erythrocytes, 

D, The type of Hgb synthesized in an individual can vary with the animals age and health. 
Petal Hgb (which contains two ot and two y chains) is replaced by adult Hgb during 
fetal development in dogs, cats, and horses but during the first postnatal month in rumi- 
nants. L 

E. Hemoglobin degradation and bilirubin metabolism: After erythrocyte death in 
macrophages of spleen, liver, or marrow, Hgb is degraded to Bu„ amino acids, and Fc 
(Figs, 4.2 and 4,3). Bu and Be are excreted or degraded, whereas the amino acids and Fe 
are recycled. 

IV. Fe 

A. Total body Fe is distributed in three major sites in health: (1) about 5O%-70% in ery- 
throcyte Hgb, (2) about 25%— 40% in storage, and (3) the remainder in other molecules 
(e.g., myoglobin, cytochromes, enzymes). 2 

B. Physiologic processes or concepts (Fig, 4,4) 

V. Mature erythrocyte metabolism (Fig. 4.5} 

A, Glucose Is the major energy source for mature erythrocytes in most species. 

B. Pig erythrocytes Jack a functional glucose transporter and use i nosine instead of glucose. 

MORPHOLOGIC FEATURES OF ERYTHROCYTES: CLINICAL SIGNIFICANCE AND 
PATHOGENESES 

L General features 

A. Discocytes: Mature erythrocytes of each domestic mammal species are disks with differ- 
ent degrees of biconcavity that creates central pallor (Table 4.2). 

B, Rouleau, rouleaux (pi.): aggregate of erythrocytes resembling a “stack of coins" (see 
Plate 2 A) 

1. Common in some species (especially horses) 

2. formation is affected by erythrocyte factors (shape and membrane composition), 
albumin factors (glycation). globulin (actors (charge, size, and number), and pH 
(affects cell and protein charges). 

3,. Rouleaux tend to occur if there is hypergfobu J i nemia or hyperfibrinogenemia. 

C Agglutination: aggregation or clumping of erythrocytes into grape-like clusters (see 
Plate 2.B) 

l, Autoaggl urination is seen in some immune hemolytic anemias, in cold agglutinin 
disorders, and occasionally in animals without evidence of hemolysis. The agglutinin 




Fig. 4.3. Bilirubin metabolism. (Bu/AJb ■ Bu associated with albumin, ■ msctopltagc, UPP-G = uridine 

diph osphogj ucoron ide, Sh = stercobi Imogen, Ub = urobilinogen} 

* In health, erythrocyte destruction in macrophage* of .spleen, liver, or marrow results in By formation. Small 
and usually clinically insignificant amounts of Bu are formed from heme degradation associated with inef- 
fective erythropoicsis and degradation of other heme-containing molecules (catalase, peroxidase, 
cytochromes). As Bu leaves a macrophage, it forms a noncovaleni association with albumin and is trans- 
ported to hepatocytes, Bu is relatively HiO insoluble prior to binding to albumin (Alb)* 

* When Bu enters the Jiver and its protein-permeable sinuses, it probably binds to hepaioeyte membrane 
receptors, enters hepatocytei without albumin, and binds to y-protein (ligandin) orv-protcin (fatty -acid 
binding protein), Bu probably enters hepatocytes by a passive but facilitated process; binding proteins 
enhance the process by reducing the efflux of Bu back to the sinusoidal plasma. 

* Within, hepatocytes, Bu is conjugated with gfucu ran ide (glucose in horses) to form bilirubin monogfocoro- 
siitk or bilirubin dig! ucu run ide, which collectively are called Be. 

* Be is transported from hepatocytes into canalicull (the rate-lim iting step in bilirubin excretion) by an ener- 
gy-dependent transport system for organic anions other than bile acids. 

* Be in bile enters the intestine and is degraded to urobilinogen (colorless). Urobilinogen can be passively 
absorbed in the intestine and then enter heparocyics For excretion in bile, or it can bypass the liver and be 
excreted in urine. Urobilinogen can also be degraded to srcncobili nogen (dark brown) and excreted in feces. 

■ If Be escapes hepatocytes and enters blood, it can pass through a glomerular filtration barrier and be excret- 
ed in urine. Because albumin does not pass through the glomerular filtration barrier of most mammals, 
Bu/Alb docs not enter urine in those animals. 


(a substance causing the agglutination} is typically a cold antibody, Le.» an antibody 
that has maximal activity at 4°-20 tk C. The erythrocyte clusters formed by autoagglu- 
tin at ion must be differentiated from rouleaux, which classically appear as stacks of 
erythrocytes but can appear as piles or fallen stacks of coins. Rouleau should disperse 
into individual erythrocytes when blood protein concentration is lowered by diluting 
blood with saline (1:1 dilution), whereas autoagglutination does not disperse. 
Occasionally, not all erythrocytes disperse after dilution when rouleaux are numerous. 

2, Heparin may induce agglutination of equine erythrocytes. 
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Fig. 4*4. Fe kinetics in healthy animats, 

■ Absorption: Diets of domestic mammals may contain Fe^' or Fe 4 *. The process of intestinal absorption is not 
completely understood but involves gastric acid, intestinal mucin, binding to membrane integriris, mobil- 
ferrin (a shuttle protein), and apoferritin. Apofcrririn in mucosal epithelial cells binds to Fe*‘ to form 
mucosal ferritin, which appears to be losr into the intestine when mucosal cells are sloughed. In most mam- 
mals, the rare of intestinal absorption is influenced by the need for Fe by the body; i -C- , if Fe is needed* 
more Fe is absorbed. 

* Transport: Nearly all Fe in plasma is bound to apotransferrin, a transport protein (p-globulin) produced by 
hepatocytes. When Fe is bound to apotransterrin, the complex is called transferrin. Transferrin carries Fc^ 
to and from tissues (for use by cells or for storage). In health, about 35% of transferrins Fc-btnding sites are 
occupied by Fe. Many cells have transferrin receptors, especially marrow erythroid cells and hepatocytes, 

■ Use in erythroid cells : After transferrin binds to and enters erythroid precursors, Fe 3 * dissociates from apo- 
transferrin and binds to cytoplasmic apoferritin (to form ferritin) or is incorporated into heme (Fe J *) and 
then hemoglobin. Most apotransfenin escapes degradation and is returned to plasma. In health, about 
50%— 70% of total body Fe is within erythrocytes. 

* Storage: Fe- U is stoned in two protcin-Fe complexes; ferritin (plasma and tissue) and hemosiderin, In health, 
about 25%— 40% of total body Fe is within storage forms. Young animals (especially neonates) have low 
am ounrs of stored Fe. 

o Ferritin consists of apofertiiin complexed with Fe 3 * and is a relatively soluble, mobile source of Fe 1 *; there 
are several forms of apoferritin due to various combinations of H or L subunits. Plasma ferritin is a glyco- 
sylated polymer that is relatively Fe-poor. Tissue ferritin, which is not glycosylated and is relatively 
Fc-rich. is produced by many cells, primarily macrophages, hepatocytes, intestinal mucosal epithelial cells, 
and erythroid precursors. Synthesis of tissue ferritin by hepatocytes and macrophages is increased by 
inflammation (ferritin is a positive acute phase protein) and when there is increased Fe storage, 

° Hemosiderin is d relatively insoluble, poorly mobile source of Fe 3, and represents the major storage form 
of Fe. Hemosiderin is a globular protein that is found primarily in macrophages of spleen, liver, and mar- 
row of most mammals. A healthy cat s marrow docs not have enough hemosiderin to be detected by rou- 
tine staining men hods. 

■ Tissue firm: A relatively small quantity of Fc is present in myoglobin* catalase, peroxidases, and 
cytochromes. 


3. Agglutination may interfere with electronic or optical evaluation of erythrocytes 
when a group of erythrocytes passes through the counting chamber as l, one large 
cell.’ In such cases* the measured MCV and erythrocyte concentrations are erroneous 
(unless programs exclude outlier values), as are the values calculated from those meas- 
ured values. 
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Fig, 4,5* Major biochemical reactions in erythrocytes. 
(The key fallows the legend.) 

• Anaerobic glycolysis (Emlxirn'-Meyerhof pathway) pro- 
vides the biochemical skeleton lor erythrocyte meiabo- 

r # 

I ism and generates ATP Because of the split of F-1, 6- 
DP into two G-3-P far rwo parallel pathways, glycolysis 
consumes two ATP and produces four ATP PFK is the 
rate-limiting enzyme and its activity is enhanced by 
alkalemia and reduced by acidemia. PK catalyzes the last 
reaction, resulting in a net ATP production via anaero- 
bic glycolysis, 

* The HMP shunt (pentose shunt, pentose phosphate pathway) generates NADPH that is used to keep GSH 
in a reduced state in a reaction catalyzed by GR (w r ith cof actor FAD). GSH and NADPH arc the major 
reducing agents in erythrocytes and are used to maintain Hgb and other proteins in a functional reduced 
stare. G6PD is the first enzyme of rhe shunt. 

* Cb s R (mechemogjobin reductase) uses FAD and NADH to catalyze the conversion of Hgb-Ff-’ + to Hgb, 

* NADPH diaphorase also catalyzes conversion of Hgb-Fc 1- to Hgb and thus is another mcthemoglobin 
reductase. However, this is a very minor reaction in physiologic Hites, 

* DPG shunt (Rapaporr-Luehering cycle) provides 2,3-OPG ac the expense of ATP production; 2,3- DPG 
decreases Hgb affinity far 0 : and thus promotes O, delivery to tissues. 

(1,3-DPG = 1 ,3-diphosphoglvcerate, 2-PG - 2-phosphoglycerate, 2,3-DPG = 2,3-diphosphoglyceratc, 3- 
PG * 3-phosphoglycerate, 6-PG = 6-phosphogluconate, 6PGD = 6-phosphogluconate dehydrogenase, ADP = 
adenosine diphosphate, ATP = adenosine triphosphate, Cb^R = cyrochrome-b 5 reductase, DPG = diphospho- 
glycerate, F-1, 6-DP = fructose- 1 ,6-di phosphate, F-6-P = fructwe-6-phosphare, G-3-P = glyceraldehyde-3- 
phosphate, G-6-F = glucose-6- phosphate, G6PD = glucose-6- phosphate dehydrogenase, GSH - glutathione 
[reduced], GS-SG = glutathione disulfide, Hgb = deoxyhemogjobm, Hgt-Fe 1 ’ ■ merhcmoglobiru Hgh-Oi * 
oxyhemoglobin, HMP = hexosc monophosphate, MR = mcrhcmoglobin reductase, NAD ■ nicotinamide ade- 
nine d.i nucleotide. NADH = reduced nicotinamide adenine di nucleotide, NADP = nicotinamide adenine din- 
ucleotide phosphate, NADPH = reduced nicotinamide aderti tie dinucleotide phosphate, PEP = phospho- 
enolpyruvate, PFK * phosphnfrucrokinase, PK * pyruvate kinase, PO^ = phosphate, Prot-SH = protein with 
reduced sulfhydryl groups, Prot-S-S-Prot = protein w r ith disulfide bridges, R-3-P = ribulose-5-phosphate) 
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D, Rubricytosis (normoblastcmia) (see Plate 2,Q 

1. Definition; increased concentration of nRBCs in blood. Usually*, most are metarubri- 
cytes, a few may be rubricytes, and younger precursors are rarely seen, 

2. Rubricytosis is common in regenerative anemias (Le., appropriate rubricytosis) but 
also may be seen in nonregene rat ive anemias and in nonanemlc animals (inappropri- 
ate rubricytosis). Therefore, rubricytosis should not be considered a consistently reli- 
able indicator of a responsive marrow. 

a. Appropriate rubricytosis: rubricytosis concurrent with regenerative anemia (with 
reticulocytosis) 

(1) Occurs during accelerated ciythropoiesis; not only is there increased release of 
reticulocytes, but also an increased release of nRBCs 

(2) Seen in regenerative anemias of dogs, cats* cattle* and pip; occasionally seen 
in horses 

b. inappropriate rubricytosis: rubricytosis concurrent with nonregen era live anemia 
or in the absence of anemia 

(1) Occurs primarily when there is a loss of the finely controlled release of 
nRBCs from marrow or other erythropolesis sites* nRBCs escape from mar- 
row or other erythropoiesis sites before maturing to reticulocytes or without 
nuclear extrusion. 

(2) Disorders or conditions that cause inappropriate rubricytosis 

(a) Marrow damaged by necrosis* inflammation, neoplasia, or hypoxia: 
Nucleated erythrocytes gain entrance into marrow sinuses through dam- 
aged sinusoidal endothelium. 

(b) Extramedullary hematopoiesis (especially splenic): may allow release of 
cells before nuclear extrusion 

(c) Splenic contraction: Splenic blood contains nucleated erythrocytes that 
are completing maturation, 

(d) Splenectomy: The few nRBCs that are normally released from marrow 
are not "caught” by the spleen, 

(e) Lead poisoning in dogs, perhaps the result: of damage to marrow 
sinuses 

11. Erythrocyte color 

A, Centra! pallor: pale region nor the center of erythrocyte that is due to the relative thin* 
ness of die area which is created by the cell’s biconcave shape 
I .. Increased central pallor is usually indicative of hypochromasia. 

2, Decreased centra! pallor usually indicates abnormally shaped erythrocytes (poikilo* 
eyres, including spherocytes), It may also be seen near a blood film’s feathered edge 
because of arti factual distortion of erythrocyte shape. 

B* Ghost cell: extremely pale-staining erythrocyte consisting primarily of ceil membrane 
with only a small amount of residual cytoplasmic Hgb (see Place 2,Z>) 

1 . Ghost cells usually form as a result of complement-mediated intravascular hemo- 
lysis. Membrane attack complexes form membrane pores through which Hgb leaks, 
out. 

2. Ghost cells may form in vitro as a result of smearing trauma. These artifact ual ghost 
cells are often distorted, 

C. Hypochromic erythrocyte: poikilocyte with increased central pallor and more faintly 
stained Hgb than usual (sec Plate 2 ,£) 
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1 , HypOchromasia is An increased number of hypochromic erythrocytes, which is usual- 
ly reflected by a decreased MCHC, 

2, Hypochromic erythrocytes result from a decreased intracellular | Hgbf. When visually 
evident, they usually are associated with Fe deficiency However, hypochmmasia 
based on MCHC alone is usually associated with the incomplete 1 Igb synthesis of 
immature erythrocytes (he., regenerative anemias). 

3, Hypochromic erythrocytes of Fe deficiency are prone to structural changes such as 
irregular membranes, loss of circular shape, and fragmentation. 

D. Polychromatophilic erythrocyte (polychromatophii): a non- nucleated., immature try- 

rhroid cell with cytoplasmic RNA {see Plate 2.0 

1 . Polychromatophilic erythrocytes are the same cells as aggregate reticulocytes but 
visualized with a Wright stain. The cell’s polychromasla (many colors) is the result of 
its cytoplasmic RNA (basophilic staining) and varying cellular Hgb Concentrations 
(cos i n oph i I ic sta i n i ng) „ 

2. If there are increased numbers of polychromatophilic erythrocytes in a blood film, 
there is increased polychromes ia that reflects accelerated crythropoiesis. 

E, Reticulocyte: a non- nucleated, immature erythroid cell with cytoplasmic RNA (set Plate 
2 ./and G) 

1, A reticulocyte's cytoplasmic RNA is visualized after staining with NMB stain or other 
vital stains. In cars, reticulocytes are grouped into two types (aggregate and punctate) 
based on the staining pattern of the RNA (see Chap, 2), 

2. Reticulocytosis (increased blood reticulocyte concentration), like increased polychro- 
masia, is an important indicator of accelerated erythropoiesis. 

III. Erythrocyte parasites 

A. Identifying features (Table 4.3) 

B. Major aspects of the anemias caused by organisms are included in later sections. 

IV. Inclusions other than parasites (Table 4,4) 

A. Basophilic stippling (punctate basophilia) (see Plate 2.Q) 

1 , Basophilic stippling is the presence of fine to coarse* blue to dark purple dots of 
aggregated ribosomes dispersed within the erythrocyte cytoplasm. Basophilic stip- 
pling must be differentiated from siderotic granules, 

2, Basophilic suppling is seen with regenerative anemias* especially in cattle, 

3, When seen without corresponding polychromasia or reticulocytosis* or in nonanemic 
animals* plumbism is a common cause, especially in dogs. Lead inhibits pyrimidine 

5 '-nucleotidase thai helps degrade nucleotides in RNA. 

B. Distemper inclusions in dogs (see Plate 2M and S) 

1 . Erythrocyte distemper inclusions are generally rare findings. They may appear as pink 
or pale blue amorphous inclusions of varying shapes and sixes. 

2. Similar cytoplasmic inclusions are rarely found in blood, neutrophils and lymphocytes. 

C. Heinz body (sec Plate I T and U) 

1 , Heinz bodies are aggregates of denatured Hgb caused by oxidative damage, 

2, Heim bodies are visualized with NMB stain as pale blue round structures associated 
with and sometimes protruding from erythrocyte membranes. In Wright-stained films, 
Heinz bodies have nearly the same staining features as normal Hgb but appear as 
slightly pale structures thar create membrane defects or protrude from erythrocytes. 
Heinz bodies may detach from erythrocytes and occur as free bodies in a blood film. 
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3. Except in tats* the presence of Hein z bodies in an animal with a hemolytic anemia 
indicates Heinz body hemolysis, Heinz bodies can be found in cats without clinical 
anemia or hemolysis. 

D, Hemoglobin crystals (see Plate 2. V) 

1. Hemoglobin crystals art seen occasionally in domestic mammal erythrocytes (includ- 
ing dogs and cats) but their significance is unknown. Some may form in vitro because 
of sample storage conditions. 

2. Hemoglobin electrophoresis has failed to demonstrate abnormal Hgb molecules in 
domestic mammals. 

E. Howell-Jolly body (see Plate 2, ligand X) 

1 . A Howell -jolly body is a nuclear remnant that remained free in the cytoplasm 
after mitosis of an erythrocyte precursor (it was not incorporated into a new 
nucleus), 

2. H owell- jolly bodies can be found in healthy mammals* frequently in cats and occa- 
sionally in dogs and horses. Increased frequency of Howell- jolly bodies occurs during 
accelerated erythropo tests and also may be found in mammals with decreased splenic 
function (including after splenectomy). 

E Siderotic granules (Pappenheimer bodies) (see Plate 3^4) 

1. It may be difficult to differentiate siderotic granules from basophilic stippling on 
Wright-stained blood films. Siderotic granules tend to occur as loose basophilic 
aggregates. Basophilic stippling tends to be dispersed throughout an erythrocyte's 
cytoplasm. Confirmation of siderotic granules requires identification of positive-blue 
staining of granules with a Prussian blue or Mallory stain. 

2. A siderocyte is a non- nucleated erythroid cell (reticulocyte or mature erythrocyte) 
that contains one or more siderotic granules. If the siderotic granules are in a nucleat- 
ed erythrocyte, the cell is a d Jem blast, 

3. A transient slderocytosis has been associated with chloramphenicol therapy in dogs. 
Siderocyrosis and siderobbstosis may be related to Fe overload. 

V. Abnormal erythrocyte size (volume) 

A. Erythrocytes appear two-dimensional on a Wright-stained blood film and thus a cell's 
diameter U frequently considered to reflect its size. However, it is important to recognize 
that two cells with the same diameter but with different thickness have different vol- 
umes. An erythrocytes thickness is reflected by the cell's staining intensity; a thin cell will 
be lightly stained (hypochromic) whereas a thick cell will be stained more intensely 
(hyperchfomtc). 

B, Anisocytosis: variation in diameters or volumes of erythrocytes 

1 . Anisocytosis can be due to macrocytes, microcytes, or both. Because of their 
decreased diameters, sphetocytes may produce visual anisocytosis even if the sphero- 
cyte volumes are not decreased. 

2. Its diagnostic significance depends on the cells that are creating the anisocytosis; it is 
commonly associated with macmcy costs and thus regenerative anemias. 

C Macrocyte: erythrocyte that has increased volume (see Plate 3.5) 

1. MacrocytosU is an increased number of macrocytes in peripheral blood, which can he 
reflected by an increased MCV. 

2. Macrocytosis is frequently seen with accelerated eryrhnopoiesis, because immature 
erythrocytes are typically larger than mature erythrocytes. Macrocytes may result 
from a skipped mitosis in disorders of abnormal cry thropoics is. 
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3. Poodles with, hereditary poodle marrow dyscrasia have uniform normochromic 
macrocytes (MCV: 85-95 fL). 

D. Microcyte- erythnocyre that has decreased, volume (see Plate 3-Cartd D } 

1. Microcytosis is an increased number of microcytes In peripheral blood, which can be 
reflected by a decreased MCV, 

2. Causes of microcytosis include Fc deficiency (usually see concurrent hypochromias ia) 
and hepatic failure in dogs (especially due to portosystemic shunts), 

3- As seen with Fe deficiency, microcytes are created by increased cell, divisions of ery- 
tfiroid cell precursors while they were attempting to produce their optimal [Hgbj. A 
microcyte can have a normal diameter but have increased central pallor due to its 
thinness (a hypochromic microcyte). 

4. Dogs in some breeds (e.g., Akita, Shiba) may have erythrocytes whose MCV values 
are 50-60 fL though most breeds have MCV values of 60-77 fLA Young horses (up 
to 6 months of age) have lower MCV values than mature horses A Young kittens have 
lower MCV values than mature cats/ 

5. Sphcrocytes may appear microcytic because of decreased diameters when they typical- 
ly have MCV values WRL 

VI. Abnormal erythrocyte shape (Table 4-5) 

A- Acamhocyte (spur cell and burr cell) (see Plate and 7) 

1 . Aeanthocyies are most common in dogs. In. dogs, acanthocyiosis is associated with 
splenic and hepatic disorders and especially splenic hemangiosarcoma. Why acantho- 
cvres form in these disorders is not known. 

rf 

2, In people, acanthocytic change is considered the result of abnormal lipid composition 
(high cholesterol to phospholipid ratio) acquired within an erythrocytes membrane 
during circulation. 

R, Blister cell (see keratocyre and eccentrocyic below) 

C. Burr cell: common name tor many speculated erythrocytes 

1 . Cremated erythrocytes, echinocytes, acanrhocytes, and other speculated erychrocyres 
(those with membrane projections) are called "burr cells” by different people. 

2. Because the term may refer to several types of potkilocyces, Its use may lead to confu- 
sion and thus its value is limited. 

D. Codocyte (target cell, Mexican hat cell} (see Plate 3 /3 

1 - A codocytes shape results from a central bulge in the cell due to an increased ratio of 
cell membrane to Hgb content. 

2. Codocytosis is commonly seen in regenerative anemias because young erythrocytes 
have excess membrane and decreased [Hgb]. When nor associated with a regenerative 
anemia, codocytosis Is seen in hypochromic states (e.g,, Fe deficiency) and when ery- 
throcytes have excess membrane (e.g., hepatic, renal, and lipid metabolism disorders). 

E. Cremated erythrocytes (see echinocytc) 

E Dacrocytc (see Plate 3- C and H) 

1. Dacrocytosis is occasionally seen in animals with marrow diseases such as myelofibro- 
sis and neoplasia, 

2. Am factual daenocytes may form because of erythrocyte stretching during blood film 
preparation. Art i factual dacrocytes tend to have sharp points, occur in streaks, and 
tend to point the same direction because directional forces of slide preparation create 
them. 

Ch Eccentrocyte (bite cell, cross-bonded cell, hemighost cell) (see Plate 3-7) 
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L Recent rocy res form when oxidation leads to a bonding, of erythrocyte membranes and 
results in a collapsed, peripheral crescent-shaped region of the cell (sometimes called 
a blister) and the cell's Hgh is displaced eccentrically 

2. The membranes are damaged by some of the same oxidants that cause Hein/ body 
anemias. 

3. Eccentrocyies may form when reducing pathways in erythrocytes are defect ive( e.g., 
in G6PD and FAD deficiency in horses) * 

H. Echinocyte (burr cell) (see Plate 3 J) 

1 . The number and shape of spicules classi fy echinocytes: Type I (irregular or angular 
cells lacking distinct spicules), Type 11 (multiple regularly spaced blunt spicules), 
and Type 10 (multiple regularly spaced sharp projections), 47 This classification is 
similar to stage 1 , stage 2, and stage 3 echinocytic changes, seen with electron 
microscopy . 9 

2. Am factual echinocytes are called cremated erythrocytes and usually are Type 11 or 111 
echinocytes. Clinically, an echinocyte is often considered a cremated erythrocyte until 
proven otherwise. Cremation occurs after blood is collected and frequently during 
blood film drying. Erythrocy tes of some sick animals are more prone to cremation, 

3. Pathologic echinocy costs has been associated with several disorders* 

a. Erythrocyte dehydration (especially with hyponatremia and hypochloremia in 
horses)- 9 

b. Strenuous exercise (racing horses)" 

c. Doxorubicin toxicosis 10 

d. Reaction to anionic drugs such as phenothiazme 1 : 

e. FK deficiency (echinocytes or spheroech inocytcs seen in some canine cases) 

f. Rattlesnake envenomatlon ] * 

I. Elliptocyte {see ovalocyte) 

j. Keratocyte (helmet cell) {see Plate and /.) 

1. Keratocytosis may be caused by trauma ro erythrocytes within the vascular system; 
the same processes may create schiTocyces* 

2. An intermediate form sometimes called a prekerarocvie (blister cell) has a bulging 
cyroplasmic dear space (blister) that may represent a vacuole, 

K, Leptocyte {see Plate 3, M) 

1. Some codocytes and most hypochromic erythrocytes are leprocytes (see codocytosis 
and hypochromasia for clinical significance)* 

2. Some people consider leptocyte a synonym for eodocytt or a term for a hypochromic 
erythrocyte. Codocytes and hypochromic erythrocytes may be; leprocytes, bur not all 
leprocytes are codocytes or hypochromic erythrocytes. Also, immature erythrocytes 
may be hypochromic or codocytes without being leprocytes. 

L, Ovalocyte (elliptocyte) (see Plate 3, AO 

1, Ovalocytosis is seen in dogs with myelofibrosis; it is also seen in dogs that have an 
abnormal structural protein in the erythrocytes membrane (probably a congenital 
disorder)* and in animals with Fc deficiency anemias (along with other abnormali- 
ties), It is occasionally seen in feline blood films hut the cause or significance is not 
known. 

2, Normal shape for llama, other camel id* avian, reptilian* and amphibian erythrocytes 

M, Pincered cell (see Plate 3.0) 

I. Has been associated with erythrocyte trauma and PK deficiency in a Cairn terrier 
(unpublished case report) 
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2, In people, p Sneered cells have been associated with erythrocyte fragmentation and. 
hered i tary spherocytos is, 1 15 

N. PoiJcilocyre 

1, A poi Idiocy te is an erythrocyte with an abnormal shape. Poikiloeytosis is an increased 
number of poikiltxyies in blood. The significance of poikilocytosis depends on 

the type of poikilocytc present; poikilocytes can represent artifacts or pathologic 
cells. 

2, Erythrocytes of neonatal calves {especially it anemic) can have speculated erythrocytes 
with features of acanthocytcs, cchinocytcs, or schizocytes. The pathogenesis of the 
changes is not established bur may be related to presence of a unique hemoglobin 
molecule or its interactions with erythrocyte membrane proteins. 1 * Iron deficiency 
may also contribute to the anemia and poikilocytosis. '* ,1V 

O. Pyknocyte (irregularly contracted cells) (see Plate 3.^ and Q) 

L Pyknocytosis is seen concurrently with eccentrocytosis in dogs and horses and proba- 
bly will be seen in other animals, Pyknocytcs may form from cccentmcytcs or oxida- 
tive damage might cause both directly. 

2, Pyknocytcs stain more intensely with NMB stain than do discocytes or sphere- 
eyres. 

3, On stained blood films, some pyknocytcs look like spherocytos. However, via electro n 
microscopy, pyknocytcs had membrane irregularities or tags and were not perfect 
spheres- fl 

P. Schizocyte (schistocyte or RBC fragment) (see Plate 3,R) 

1, Schizocytosis occurs when rigid structures or rheologic forces traumatize ery- 
throcytes. 

2, Pathologic states associated with schizocytosis include intravascular coagulation, vas- 
culitis, hemangiosarcoma, caval syndrome of dirofikrksis, and endocarditis, 

Q. Spheroeyte (see Plate 3.5 and 7) 

1. For domestic mammals, spheroeytes are most easily recognized in canine blood films 
but can be recognized or suspected in other species with careful evaluation. 

2. Its spheroid shape usually results from, the loss of erythrocyte membrane without a 
corresponding loss in erythrocyte volume. Spheroeytes are frequently seen in immune 
hemolytic anemias and may be seen in fragmentation anemias along with other poik- 
ilocytcs- Spheroeytes induced by fragmentation may have decreased volume (micro- 
spheroeytes). They also are reported to occur in PK-deficienr dogs 19 and in bee-sting 
anemias. 2 ®- 21 

R. Stoma tocytc (see Plate 3. LA 

1. Stoma tocytes result from folding of excess membrane to form an elongated area of 
pallor instead of circular central pallor. Young erythrocytes (polychromatophilic ery- 
throcytes or young macrocytes) frequently arc stnmatoCytes. 

2. Scomatocytosis also results from a hereditary defect in erythrocyte membrane (heredi- 
tary stomatocytosis of Alaskan malamutes, miniature schnauzers. and Dremse patri- 
jshond). 22 ^ 

5. Torocyce (see Plate 3, V) 

L Represents an art i factual shape change 

2, Torocytcs should not be confused with hypochromic cells that have marked central 
pallor. A rorocyie has a sharply punched out center and a den.se ring of Hgb staining 
In its periphery; a hypochromic cell has a paler ring of peripheral I Igb staining that 
fades into central pallor. 
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ANEMIA 

I. General information 

A. Definition: a decreased {RBCfi a decreased [HgbJ* or a decreased Hct of peripheral 
blood 

B. A blood s Hct, [Hgb], and [RBC] generally change proportionately because they all 
assess the erythrocyte content of blood. However, they may not be uniformly decreased 
because of variations in reference intervals or the presence of abnormal erythrocytes 
(abnormal erythrocyte volume or intracellular Hgb concentration). 

C. Anemia is a pathologic state or diagnostic problem; it is not a disease. Its major signifi- 
cance is reduced capacity of blood to transport 0 2 to tissues. Anemia develops when 
there is one or both of the following: 

1 , Increased erythrocyte loss due to hemolysis or blood loss 

2. Decreased or ineffective erythrocyte production 

D. Clinical signs caused, by anemia reflect decreased 0 2 -carmng capacity and include 
decreased exercise tolerance* weakness* depression, and rapid respiration (tachypnea), 

E. The major physical examination finding is pale mucous membranes (gingival, conjuncti- 
val, vulvar) due to dilute blood, in capillaries. With a marked anemia, blood becomes less 
viscous and may cause a systolic heart murmur. 

II. Classifications of anemias 

There are three common classification systems; each has its advantages and limitations in cer- 
tain clinical situations. 

A. Classification by marrow responsiveness 

1 . This classification system is primarily based on the presence or absence of rericulocy- 
tosis in blood; other blood film and marrow findings may influence the classification. 

a. Regenerative anemia = anemia with a concurrent reticulocytosis 

b. Non regenerative anemia - anemia without a concurrent ret iculocy tosis 

2, Reticulocytosis is typically established by finding an increased RC, increased CRP* or 
i ncreased polyehromasia (see Chap. 2). 

a. Documenting rcticulocytosis is the most reliable* single routine method of estab- 
lishing accelerated erythropoiesis (except in horses), 

b. In most species* reticulocytosis is expected about 3-4 days after Bpo stimulates 
marrow; peak production is expected about 7-10 days after stimulation. 

c. Animals in each species vary in their ability to produce a reticulocytosis. Dogs 
have the greatest ability; RC or CRP may increase sixfold to eightfold in response 
to severe anemia. Cats have moderate ability (maybe threefold to fivefold). Cattle 
have mild ability; increased polyehromasia is frequently accompanied by erythro- 
cytes with basophilic stippling. Horses very rarely release reticulocytes from mar- 
row and thus attempting to establish peripheral blood reticulocytosis is not valu- 
able. Macrocytes in equine blood suggest, but do not prove, marrow responsive- 
ness to Epo. 

3. The following erythrocyte abnormalities would support a regenerative status but each 
may also be found in non regenerative anemias: macrocytic and/or hypochromic 
indices* an isocy tosis, Howell-Jolly bodies, rub ricy rests* codocyrosis, basophilic 
stippling,, 

4, Bone marrow erythnoid hyperplasia without a reticulocytosis may reflect a pending 
regenerative anemia but also could represent ineffective crythropoiedx. 
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5. A progressively increasing Her, even in the absence of a reticulocytosis, indicates a 
responsive marrow and a regenerative anemia. This may occur in horses or in other 
animals that have nil Id anemias or that are in the resolving stages of more severe ane- 
mias. 

6, Marrow responsiveness classifications 

a. Regenerative anemia (responsive anemia) 

(1) Seen primarily in response to blood loss or hemolysis; rarely associated with 
erythroid neoplasia in cats 

(2) Regenerative status indicates that a bone marrow is regenerating a replace- 
ment population of erythrocytes. 

b. Nonregene rat ive anemia (non responsive anemia) 

(1) Seen in diseases that directly or indirectly cause defective or reduced erythro- 
cyte production. (During the first few days after hemolysis or blood loss, an 
anemia will be classified as non regenerative because the marrow has not had 
time to produce a rcticulocytosis.) 

(2) A non regen era live status indicates that bone marrow is not regenerating a 
replacement population of erythrocytes. A severe, nonregenerative anemia 
typically reflects severe and prolonged damage to erythroid cell precursors. 

(3) Findings in bone marrow examinations include erythroid hypoplasia, marrow 
aplasia, red cell aplasia, myelofibrosis, myelitis, myelophthisis, relatively nor- 
mal erythroid series, or erythroid hyperplasia in early responsive anemias, 

(4) Most nonregenerative anemias are normocytic normochromic anemias with- 
out poikilocytosis or other erythrocyte abnormalities. However, blood may 
contain the following erythrocyte abnormalities related to the underlying dis- 
ease process; Howell-Jolly bodies, rubricytosis, codocytosis, basophilic stip- 
pling, macrocytes or microcytes, hypochromic erythrocytes. 

B. Morphologic classification 

1. The morphologic classification system is based on MCV and MCHC values (Table 
4.6); classification should be confirmed by examining erythrocytes on a Wright- 
stained blood film. 

2. General concepts 

a. MCV and MCHC values suggest the type of erythrocyte that is being produced 

by the marrow. 

(1) Normocytic erythroid cell maturation not defective 

(2) Macrocytic: young erythrocytes present or there is defective erythrocyte 
maturation 

(3) Microcytic; increased mitos.es during erythrocyte maturation 

(4) Normochromic: Hgb synthesis complete 

(3) Hypochromic: incomplete Hgb synthesis (young erythrocytes or defective 
synthesis) 

b. Because MCV and MCHC are averages, a blood film examination is typically a 

more sensitive method of detecting macrocytic, microcytic, or hypochromic cells. 

It is possible to have a normocytic normochromic anemia but find macrocytosis, 

microcytosis, or hypochromasia in a blood film, 

3. Morphologic classifications of anemias 
a, Normocytic normochromic anemias 

(1) Blood film findings: typically uniform erythrocytes; may have occasional ery- 
throcytes with morphologic abnormalities 
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Table 4*6. Morphologic classification of anemias with reported causes 


Anemia classification 

MCV 

MCHC 2 3 4 

Disorders or condition* that 
cause the anemia 

Normocytic normochromic 

WRI 

WRJ 

11 persistent, then typically disorders that 
cause reduced erythropoiesis; most 
anemias begin as normocytic nor- 
mochromic. 

M acrocytic hypoch rom ic 

T 

i 

Regenerative response after blood loss or 
hemolysis 

Macrocytic n ormochromic 

T 

WRI 

Regenerative response after blood loss or 
hemolysis; occasionally due to defective 
erythropoiesis (FeLV induced. Poodle 
macrocytosis); in vitro changes 15 

Microcytic hypochromic 

l 

i 

Fe deficiency, pyridoxine deficiency 

M ic rocyt ic no rmoch rom ic 

i 

WRI 

Fe deficiency, hepatic failure including 
portosystemic shunts, in mtm changes' 1 

No rmocytic hypoch romic 

WRI 

i 

Rarely seen 


Not?: trythfocyw concern rations in juvenile animals, typically are lower than in mature animals. 

J Classification system does nor include categories for MCHC; if there is an ' MCHC value, the 
talkie is usually an erroneous value (see text) and the true value may be WRI or even decreased. 
b See text for causes of in vitro changes that can produce higher or lower MCV values. 


(2) Most anemias begin as normocytic normochromic anemias. When marrow 
releases many larger or smaller erythrocytes with normal or decreased Hgb 
concentrations, then MCV or MCHC values will change. MCV or MCHC 
values must be outside of reference intervals before the morphologic classifica- 
tion changes. 

(3) Persistent normocytic normochromic anemias are expected to be non regener- 
ative anemias. 

(4) Most anemias in horses are normocytic normochromic because their marrows 
rarely release reticulocytes. If sufficient macrocytes are released, the anemia 
will become macrocytic. 

b. Macrocytic hypochromic anemias 

(1) Blood film findings: expect polychromasia (except in horses), macrocytosis, 
and anisocytosis; hypochromasia may not be recognized because of the 
basophilia of poLychtoma tophi lie erythrocytes or because of insufficient 
biconcaviry to create central pallor. 

(2) Concurrent macrocytosis and hypochromia indicate the presence of immature 
erythrocytes and thus the anemia is probably due to blood loss or hemolysis* 

c. Macrocytic normochromic anemias 

(1) Blood film findings: expect poly thro masia, macrocytosis and anisocytosis 

(2) Common in regenerative anemias due to blood loss or hemolysis 

(3) Sometimes associated with defective erythropoiesis 

(a) FeLV-infected cats may have defective erythroid maturation that yields 
megaloblastic cells (Plate 3 A) with defective DNA synthesis and thus 
decreased mitosis; megaloblastic cells mature to macrocytes. 
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(b) Folic acid and cohakmin (vitamin B, ,) deficiencies cause defective nucle- 
ic acid metabolism that could result in macrocyrosis (possible,, but rarely 
documented). Cattle that graze cobalt-deficient pasture may have a 
macrocytosis due to a cobaiamin deficiency. Cobalt is an essential 
component of cobaiamin, Cobaiamin deficiency blocks folate metabolism 
by trapping a methyl group in 5 -methyl lecrahydrofolare. Thus, in the 
absence of cobaiamin. a functional folate deficiency may exist even 
though serum folate concentration may be WRL 

(c) Poodles with the poodle marrow dyscrasia will have a macrocytes is and 
may have an anemia due to another pathologic process. The pathogenesis 
of the macrocytosis Is not established, 

(d) Erythro leukemia 

(e) Congenital dyserythropoiesis and progressive alopecia of polled Hereford 
calves 30 

(4) Increased MCV value may 'be produced by in vitro events or phenomena, 

(a) Erythrocyte agglutination: An electronic cell counter may consider an 
aggregate (mostly doublets and triplets) of erythrocytes to be one large 
erythrocyte; agglutination could be immune-med fated or, in horses, 
induced by heparin. 

(b) Cell swelling during storage before testing; occurs most frequently with 
mail-in samples; MCHC may be decreased, 

(c) In vim hyperosmolar states (e.g,, hypernatremia) can lead to increased 
intracellular osmolality; when the blood within the analyzer is diluted, by 
fluid of lower osmolality (approximately Isoosmotic with normal plasma), 
H ; () moves Into the cells and causes acute swelling; MCHC may be 
decreased. 

(d) Excess EDTA anticoagulant may cause erythrocyte swelling (Tcchnicon 
instrument) 37 when the cells mix with analyzer diluent. 

d. Microcytic hypochromic anemia 

(1) Blood film findings: expect microcytosis, leptocytosis,. codocytosis, hypochro- 
mia, and anisocytosis; may see ovalocytes and fragmented and folded erythro- 
cytes: polythrortiasia may be present hut less than expected for the severity of 
the anemia, 

(2) Microcytosis and hypochnomasfa may be due to defective Hgb synthesis. 

(a) Fc deficiency (see Blood Loss Anemias, I LB) 

(b) Copper deficiency in pigs but not in dogs; experimental Cu deficiency in 
dogs produced a normocyric normochromic anemia.** 

(c) Potential vitamin B 6 (pyridoxine) deficiency 

(d) Hepatic failure (rarely, more likely microcytic normochromic) 

e. Microcytic normochromic anemia 

(1) Blood film findings: varies from those seen in microcytic hypochromic ane- 
mia to normocytic normochromic anemia 

(2) Causes of microcytosis 

(a) Fe deficiency (early or mild): Prior to causing a microcytic hypochromic 
anemia, Fe deficiency may produce a microcytic normochromic anemia 
but the MCH is decreased, 

(b) Hepatic failure due to hepatic disease or portosystemic shunts; cause of 
microcytosis not known but data suggest a defect in Fe transport to ery- 
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thnocytc precursors; MCH is decreased but MCHC typically remains 

ML 

(c) Dyserychropoiesis of English springer spaniels*'* 

(d) Some healthy dogs in the Akita and Shiba breeds have lower MCV 
values (in the SCMiO fL range) than do other dog breeds. Also, foals and 
kittens have lower MCV values than adult animals of the respective 
species, 4 -* 

(3) Factitiously low MCV and high MCHC values may he produced when ery- 
throcytes are in hypoosmolar plasma."' Erythrocytes adjust in vivo to the 
hypoosmola! environment caused by hyponatremia and hypochloremia by 
having decreased cytoplasmic osmolality. When put In a diluent prior to 
counting, osmosis results in H,0 leaving the erythrocytes and thus decreasing 
volume of erythrocytes. MCV may be decreased and MCHC may be 
increased erroneously 

f. Normocytic hypochromic: An uncommon finding; if found, one must consider 
that the data may be inaccurate or the reference intervals may be inappropriate. 

4. Increased. MCHC values 

a. In theory, it is not physiologically possible to produce hypenchromic erythrocytes 
because Hgb synthesis stops in an erythrocyte precursor when an optimal |Hgb] 
is reached within its cytoplasm. 

b. Most increased MCHC values are falsely increased and the blood samples MCH 
value also is falsely increased. Causes of falsely increased MCHC and MCH val- 
ues include the following; 

(1) He moglobi nem i a: Blood l Hgb! used to calculate MCHC and MCH values 
would include Hgb from erythrocytes and the free Hgb in plasma. 

(2) In vitro hemolysis: Blood [Hgb] used to calculate the MCHC would truly 
represent the blood [Hgb] but the Hct and [RBC] values for the sample 
would be falsely decreased. 

(3) Spectral interferences in the blood Hgb assay: Interferences giving falsely 
increased [Hgb] include lipid droplets in grossly lipemlc samples, pigments in 
markedly icteric samples, nuclei or intact WBCs in samples with extreme 
leukocytosis, and Heinz bodies {incomplete erythrocyte lysis), 

(4) As discussed above, MCHC may be falsely increased because oi cell shrinkage 
related to in vim hypoosmola! stares (e,g., hyponatremia) followed by cell 
contact with a relatively hyperosmolal diluent in the analyzer 

c. Pathologic conditions that on cause true increases in. MCHC values are rare. 

(1) Eccenttocytes and pyknocytes may have increased MCHC values because 
oxidative condensation of E Igb and fusion of cell membranes causes a loss of 
cell volume without a proportionate loss of cell Hgh. 

(2) Sphcrocytcs with increased MCHC values may potentially form in some 
spherocytic anemias if the spherocytic process causes loss of cell volume in 
excess of Hgb; generally, however, sphcrocytcs only appear to be hyper- 
chromic because of their thickness, and their MCHC values arc WR| r 

C. Pathophysiologic classification 

1 . Based on the pathologic mechanism or process that produced the anemia 

a. Blood loss anemias: can be acute (hours to days) to chronic (weeks to months) 

(I) External blood loss anemias: erythrocytes lost from body or lost into the ali- 
mentary or urinary tract 
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(2) Internal blood loss anemias: movement of erythrocytes from intravascular to 
extravascukr space (typically into peritoneal or pleural cavities) 

b. Hemolytic anemias 

(1) Exrravascular hemolysis: erythrocyte lysis outside of blood vessels (in 
macrophages) 

(2) Intravascular hemolysis: erythrocyte lysis within the blood vascular system 

c. Anemias due to decreased erythrocyte production (see the next section, 

Non regenerative Anemias, for more information) 

( 1 ) 1 n flam matory d iseases 

(2) Renal disease 

(3) Marrow hypoplasia or aplasia 

(4) Erythroid hypoplasia or ineffective eryrhropoiesis 

2. The pathophysiologic classification system is frequently used in one of two ways, 

a. Serves as a differential diagnosis list or to answer questions such as “What are the 
basic causes of anemias?" (Fig, 4,6) 

b. To group specific diseases based on the method or methods by which they cause 
anemia 


J Hct, l [Hgb], or l [RBC] 


Reticulocytosis or 
increased polychromasia 


Present 


Absent 


( . > f 1 ^ 


Regenerative anemia 


Nonregenerative anemia 

Blood loss 


•Blood loss or hemolysis 

* External 


< 3=4 days duration 

► Acute 



► Chronic 


Reduced erythropoiesis 

■ Internal 


* Decreased erythropoietin 

► Acute 


+ Refractory to erythropoietin 

► Chronic 


* Bone marrow damage 

* Bone marrow replacement 

Hemolysis 



* Extra vascular 


Defective erythrocytes 

• Intravascular 


* Abnormal erythroid maturation 

* Ineffective erythropoiesis 

^Erythroid neoplasia (rare}^ 


* Defective nucleic acid metabolism 


^Defective heme synthesis j 


Fig, 4*6. An approach to finding the cause of anemias. 

After anemia has been detected or confirmed, the presence or absence of a regenerative response is deter- 
mined by assessing RC or CRP or detecting increased polychroxiusia (see Chap. 2). If it is a regenerative 
anemia, then the anemia is probably due to either blood loss or hemolysis. If it is a non regenerative anemia 
and the anemia has been present for several days, then the anemia is probably due to reduced or defective 
eryrhropoiesis. 
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NON REGENERATIVE ANEMIAS 
I . General concepts 

A* The major reason for a persistent non regenerative anemia is decreased erythrocyte produc- 
tion; defective erythropoiesis can also contribute. Since erythrocyte life spans of domestic 
animals are generally 2-3 months, it will take several weeks to months for an anemia to 
develop if it is only due to decreased erythropoiesis. For example, a dogs erythrocyte life 
span is about 100 days. In health, 50% of its erythrocytes are > 50' days old and 50% are 
< 50 days old. If a disease stopped erythropoiesis completely and did not alter erythrocyte 
life span, it would take 25 days for the dogs Ha to drop from 40% to 30%, and about 
50 days to drop from 40% to 20%. Because cat erythrocytes have shorter life spans (about 
70 days), such an anemia would develop quicker. Likewise, production-failure anemia 
would develop slower in horses and cattle because their erythrocytes have Longer life spans. 

B* Most diseases do not completely stop erythrocyte production; they only decrease the rate of 
production. Therefore, nonregenerative anemias may take even longer to develop. How- 
ever, many diseases that reduce erythropoiesis also cause a shortened erythrocyte life 1 span 
and thus anemia may develop quicker than expected from reduced erythropoiesis alone, 

C. Most animals with nonregenerative anemias have been anemic for several weeks before 
clinical signs are detected. Because the anemia is chronic, the disease or disorder causing 
the anemia is chronic. Severity of a nonregenerative anemia will depend on duration of 
the disease process, degree of decreased erythropoiesis, and presence of other processes 
that shorten erythrocyte life span. 

D + When a persistent nonregenerative anemia is detected, most erythrocytes in the animal's 
blood were produced when the animal had the disease that caused the anemia, Thus, 
characteristics of the circulating erythrocytes may help determine the cause of the persist- 
ent nonregenerative anemia (see morphologic classification in Anemia, 1LB above). 

II. Disorders that cause nonregenerative anemias (Table 4.7} 

A. Inflammatory disease 

Table 4*7* Disorders and conditio as that cause nonpegenetative anemias 

Inflammatory diseases (primarily chronic) 

"Infectious: bacterial, fungal* viral* protozoal, parasitic 
" Non infectious 
"Renal disease (chronic) 

Diseases causing marrow hypoplasia or aplasia 
Myelitis: bacterial* fungal* viral* protozoal 

Toxicosis! chemotherapeutic agents, estrogen, bracken fern, phenylbutazone 
Irradiation: whole- body or environmental 

Marrow replacement: neoplasia, myelofibrosis, osteopetrosis 
Diseases causing erythroid hypoplasia or ineffective erythropoiesis (without generalized 
marrow hypoplasia) 

Pure reel cell aplasia 

TeLV-induced erythroid hypoplasia 

Nutritional: Fe f copper, folate or vitamin B 12 deficiency 

" Endocrine: hypothyro idisrr. hypoad renocorric ism , hypoand rogenism 

*Liver disease or failure (including portosystemic shunts) 
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L. [ n flam mat Ion causes an anemia that is called AID (also called anemia of chronic dis- 
ease, anemia of inflammation). It is [he most common non regenerative anemia of 
domestic mammals and varies from mild 10 moderate severity. Typically, it is a nor- 
mocytic normochromic anemia hut, rarely, it is microcytic. 

2 . AID as of relatively little clinical significance after it is recognized. Most diagnostic 
efforts are directed toward the primary disease process and not the secondary abnor- 
malities caused by the inflammatory disease, 

3. Almost any chronic disorder with an inflammatory component will initiate the 
processes that cause the anemia, 

a. Chronic infections: bacterial (including rickettsial), fungal, viral, protozoal 

b. Non in feet so us disorders: immune, toxic, neoplastic (usually a malignant neoplasm 
that causes necrosis and/or inflammation around or within the neoplasm) 

4. Pathogenesis of the anemia involves three concurrent mechanisms initiated by 
inflammation 11 

a, Shortened erythrocyte survival 

(1 ) Pathologic events are not understood entirely but are associated with 
increased IL-I concentration. 

(2) Oxidant damage to erythrocyte membranes and subsequent binding of 
immunoglobulin molecules may accelerate the removal of erythrocytes A 2 

b. Impaired Pc mobilization or utilization 

(1) Alterations in ferritin production and alterations in transferrin receptors lead 
to increased Fe storage and therefore decreased availability of iron for Hgb 
synthesis, 

(2) Cytokines involved in altered Fe kinetics include IL-I,, INF, and TNF. 
v. Impaired erythrocyte production 

(1) Erythroid cells become refractory (non responsive) to increased Epo because of 
effects of inflammatory cytokines (IL-1, INF, TNF) on precursors. 

(2) Plunted Epo response to anemia {Epo production is increased but not as 
much as expected) is clue to actions of IL-l, TNF, and TGE-fL 

5. laboratory findings that, when present, support the conclusion that an animal has. AID: 

a. Mild to moderate norm ocy tic normochromic anemia with little to no poikilo- 
evtosis 

f 

b. Chronic inflammatory Icukograrm mature neutrophilia, lymphocytosis, mono- 
cytosis 

c. Hyperproteinemia due to increased concentrations of gamma globulins or other 
inflammatory proteins 

d. Marrow contains essentially normal eryihroid cells, mild to moderate granulocytic 
hyperplasia, possibly plasmacytosis, and abundant hemosiderin (hemosiderin is 
not expected in feline marrow), 

e. Hypoferremia and adequate to increased s tamable- Fe in tissues (marrow, spleen, 
or liver) 

B. Renal disease (chronic) 

1. Most patients with chronic renal disease are anemic; anemias are slight to moderate 
in severin' and essential lv all arc normocvtic normochromic, 

i# # 

2. Pathogenesis of anemia 

a. Inadequate Epo production: Chronic renal disease causes sufficient damage to 
kidneys so that Epo production b decreased and thus there is inadequate Stimula- 
tion of erythrocyte production (Epo therapy is effective). 
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b. Decreased erythrocyte life span (mild): Agents not cleared he the kidneys cause 
decreased erythrocyte life span, 

c. Decreased marrow response 10 Epo 

dr Other factors: hemorrhage due to uremic ulcers or vascular damage; poor nutri- 
tional status 
3. Laboratory findings 

a. Normocytic normochromic, non regenerative anemia 

h„ Evidence of chronic renal disease or dysfunction, such as azotemia, urine specific 
gravity values in isosthcnutic range, and electrolyte disturbances 
C Diseases causing marrow hypoplasia or aplasia of multiple cell Lineages 

1 . Major concepts 

a. Damage can be to one or more of die components of the marrow's microenviron- 
ment: blood vessels and/or sinusoids, reticular adventitial cells, marrow stroma 
(fat cells* fibrocytes)* or hematopoietic stem cells. The resulting marrow will be 
hypoplastic or aplastic. 

b. Damage may be irreversible or reversible and may result in aplastic anemia 
(hypopl asti c pancytopen la) , 

2, Disorders 

a. . Myelitis resulting from bacterial septicemias* disseminated mycoses (e,g,* histo- 

plasmosis)* viral infections (e»g-, El AY infection)* or protozoal infections (e.g.* 
leishmaniasis) 

b. Toxicoses involving compounds such as chemotherapeutic agents, esrrogen, 1 ^ 
phenylbutazone* 3 ^- 36 and chemicals in bracken fern 

c. Irradiation damage resulting from either whole body therapeutic or environmen- 
tal exposure to X-rays, gamma* or beta irradiation 

d. Marrow replacement 

(1) Diseases may cause anemia by replacing hematopoietic cells in the marrow; 
such anemias are common ly called myelophthisic anemias. 

(2) Disorders that may cause myelophthisis {myelo- marrow; - phthisis wasting) 

(a) Myeloproliferative diseases; granulocytic* monocytic* cmhroid* or 

megakaryocy t ic neo plas i a 

fb) lymphoprol iterative diseases: lymphoid and plasma cell neoplasia 

(c) Metastatic neoplasia 

(i) Lymphoprolifcrative disease (primary in lymph nodes* spleen or 
other tissues) 

( i i ) M ast cel I neoplas ta 

(is i.) Carcinomas and nonhemie sarcomas can metastasize to marrow, but 
such lesions are not expected to cause sufficient marrow damage to 
produce anemia. 

(d) Non -neoplastic cell proliferation 

(i) Myelofibrosis: Fibrous tissue proliferation after inflammation and/or 
necrosis (myelofibrosis may be a myeloproliferative disease in some 
cases). 

(ii) Osteopetrosis: bone proliferation into medullary space 

D. Diseases causing erythroid hypoplasia or ineffective erythropoiesis (without generalized 
ma rrow hypopl asia) 

L Pure red cell aplasia 

a. Pure red cell aplasia is a descriptive term for disorders in which a non regenerative 


Copyrighted material 




114 


FUNDAMENTALS OF VETERINARY CLINICAL PATHOLOGY 


anemia is caused by erythroid hypoplasia or aplasia, but ocher hematopoietic cell 
lines are not defective* h has been recognized in dogs/' cats, and people. 

b. Pathogenesis of the anemia 

( 1 ) In people, there is often either a viral infection of erychroid cells or an anti* 
body or I ’-eel I mediated destruction oferythroid precursors. Antibodies may 
even be directed against Epo. 

(2) Some dogs have had a demonstrable serum substance (probably antibody) 
that inhibits erythropoiesis in vitro, but other dogs have not.** 

c. The disorder may be responsive to immune-suppressive dosages of glucocorticoid 
compounds or other immunosuppressive therapy; may take therapy 2 weeks or 
longer before there is evidence of response (e.g*„ reticulocytosis). Some dogs 
require long-term therapy to prevent recurrence of an anemia. 

d. Laboratory Endings 

(1) Typically normocytic normochromic anemia; sometimes spherocytic 

(2) Non regenerative 

(3) May or may not be Coombs' test positive 

(4) Marrow examination reveals marked hypoplasia or aplasia (absence) of the 
eiythroid cell lineage, with preservation of the other lineages. 

2, Ft: LV- induced erythroid hypoplasia 

a. FeLV may selectively damage erythroid cells to cause erychroid hypoplasia or 
transform a cell into a neoplastic cell line, 

b . Pathogenesi s of anemia 

(1) If there is selective damage to erythroid precursors, then erythroid hypoplasia 
or aplasia develops and thus there is decreased erythrocyte production. 

(2) If neoplastic transformation oF erythroid cells occurs, there may be a marked 
proliferation of cells bur they have defective function, cell metabolism, and 
maturation. Accordingly, the cells, die before maturing to erythrocytes and 
thus anemia develops because of decreased effective erythropoiesis. 

c. Laboratory Findings 

(1) Mild to severe, nonregeneraiive anemia; either normocytic normochromic or 
macrocytic normoc bromic 

(2) May have inappropriate rubricyrosis, especially in MDS-Er 

(3) Marrow findings may vary from erythroid hypoplasia to neoplasia of any 
marrow cell lineage 

(4) Megaloblastic erythroid cells may be found in blood or marrow {megaloblas- 
tic anemia) ( see Plate 3*A), Megaloblastic cells have asynchronous maturation 
of nuclei and cytoplasms; cytoplasms mature but nuclear maturation is 
incomplete. The defective maturation produces larger erythroid precursors 
with atypical ly large nuclei For the degree of cytoplasmic maturation, 

3. Nutrient deficiencies 

a, Fe deficiency 

(1) Fe deficiency occurs because of chronic external blood loss (e.g., alimentary 
tract blood loss due to ulcers or parasites or cutaneous blood loss due to fleas 
or ticks) or inadequate dietary Fe intake (especially in neonates)* 

(2) When diagnosed, the anemia is classically microcytic hypochromic but may 
be microcytic normochromic (for pathogenesis, see Blood Loss Anemias, II. B 
below) . 

h. Copper deficiency 
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(1) Copper deficiency is an uncommon disorder in domestic mammals but has 
been reported in pip (naturally) and in dop (experimentally), 

(2) Associated with microcytic hypochromic anemias in pigs 

(a) Ceruloplasmin (synonym: ferric oxidase) is a copper-containing enzyme 
that promotes the conversion of Fe 3 * to Pe 2 * for Fe transport from 
macrophages and into erythroid precursors, Fe- 2 * is then combined with, 
protoporphyrin IX to form heme. 

(b) If deficient in copper., there is less ferric oxidase activity, less Fe 2 * for heme 
synthesis, and thus defective Hgb synthesis. Because of the copper defi- 
ciency', there is a functional Fe deficiency and a pig may develop a micro- 
cytic hypochromic anemia. Serum Fe concentrations should not be 
decreased. 

(3) In an experimental study, copper-deficient dogs developed a normocytic nor- 
mochromic anemia. lK The pathogenesis of the anemia was not established. 

c, Folate or eobalamin (vitamin B t >) deficiency 

(1) Folate and eobalamin are required for DNA synthesis and thus deficiencies 
might cause abnormal erythrocyte development* Folate and eobalamin defi- 
ciencies may cause a macrocytic anemia in people but rarely are such disor- 
ders found in domestic mammals. 

(2) Cats with experimental folate deficiency had megaloblastic marrow erythroid 
cells but neither microcytosis nor anemia. vl A cat: with a congenital cobal- 
amin deficiency had normocytic erythrocytes. '' 

(.3) Giant schnaurers with an inherited malabsorption of cobalt had a eobalamin 
deficiency and a normocytic anemia. Marrow samples contained megaloblas- 
tic erythroid cells, and macrocytes and ovalocytes were found in blood films. 
Reportedly, an increased MCV was not: present because of concurrent micro- 
cytosis; an explanation of the microcytosis was not provided, 11 
4. Endocrine disorders 

a. Hypothyroidism 

(1) Seen primarily in dogs; causes a mild normocytic normochromic anemia 

(2) Pathogenesis of anemia: Decreased [tTJ and [tTJ result m a decreased meta- 
bolic rare and thus decreased need for O s in peripheral tissues. Decreased, 
need for 0 2 leads to decreased Epo production and thus less erythrocyte pro- 
duct ion, A new homeostasis develops in which metabolic needs for CP are 
met by a lower blood erythrocyte concentration, 

(3) Laboratory findings 

(a) Mild normocytic normochromic, nonregenerative anemia 

(b) Evidence of thyroid dysfunction, such as decreased [fil'd* decreased [fil'd, 
and increased (TSH) 

b. Hypoadrenocorticism 

(1) Seen primarily in dogs and may cause a mild to moderate normocytic nor- 
mochromic anemia 

(2) Pathogenesis of anem ia is not established, but glucocorticoids have been 
reported to stimulate erythropoiesis in pirn, so their absence may be relatively 
marrow-suppressive., Gastrointestinal blood loss may enhance the anemia. 

(3) Laboratory findings 

(a) Mild normocytic normochromic anemia (anemia may be masked by 
hemoconcem ration caused by hypovolemia) 
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(b) Evidence of adrenal dysfunction, such as hyponatremia, hyperkalemia, 
azotemia, h y pocor tisolcm ia . lymphocytosis, and eosinophil la 

c. Hy peres i roge n i sm 

(1) Increased blood estrogen con cent radons may result from excessive production 
by neoplasms (testicular and ovarian neoplasms) or from administration of 
estrogen com pounds, 

(2) Besides developing clinical signs of feminization, manifestations of hyperc- 
st roge n ism in mammals (especially dogs and ferrets) may include a severe 
non regenera tive anemia as part of the pancytopenia of estrogen, toxicosis, 

5. Liver disease or insufficiency (including portosystemic shunts) 

a, . Mammals with chronic and usually progressive liver disease or portosystemic 

shunts frequently have mild to moderate anemia. Typically, the anemias are nor- 
mucytic normochromic. When the disease causes hepatic insufficiency in dog?., 
some will have a microcytic normochromic anemia. 

b. Pathogenesis of anemia 

(1) The normocyiic normochromic anemia could be an AID in some cases. 

(2) Other potential mechanisms include defective amino acid and protein synthe- 
sis, abnormal lipid metabolism (affect erythrocyte lipid content and lifespan), 
and decreased production of an Epo precursor by bepatocytes (in some species). 

c In dogs with hepatic insufficiency, the microcytosis is not due to total body Fe 
deficiency. However, defective protein synthesis may create a functional Fe defi- 
ciency because of defective Fe transport. 

d. Laboratory findings 

( 1) Mild to moderate normocytic or microcytic normochromic (or rarely 
hypoch m in ic) anem i a 

(2) Evidence of liver disease (e.g., increased serum hepatic enzyme activities) or 
hepatic dysfunction (e.g. T decreased serum urea concentration, h y pop rote ine- 
mia, hypoalhuminemia, increased serum bile acid concentration, hyperam- 
monemia, ammonium bin rale crysfalluria) 

BLOOD LOSS ANEMIAS 

1. Causes of blood loss 

A. H emo rrhage 

1 . Blood vessels damaged by trauma, ulceration, neoplasia, or other means 

2. Acquired or congenital coagulation factor deficiencies or von Willebrand disease 

3. Thrombocytopenia (marked) 

B. Parasitism: hookworms and whipworms (dog), haemonchosis and ostertagiosis (rumi- 
nant), coccidiosis, ticks, bloodsucking lice, and fleas (dog, cat, and calves 4 ") 

C. Removal of blood lhal is to be used fora transfusion 

IL Classifications based on duration and location 

A. Acute blood loss anemia 

L Acute blood loss occurs when blood is lost from the vessels in a few hours. Anemia 

results from the dilution of erythrocyte* that remain in vessels (Fig, 4.7), 

a, U anemia k due to hemothorax or hemoperitoncum, severity of the anemia may 
be d iminished by resorption of about 63% of erythrocytes within 2. da vs and 
80% wsrbm 1 —2 weeks. JS Also, animals do not become Fe -depicted because fry. 
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A, Sudden loss of Wood from 
vessel creates hypovolemia 



B. Shift of ECF into vessels dilutes 
erythrocytes and causes anemia; 
splenic contraction reduces 
severity of anemia 


Fig. 4.7. Erythrocyte kinetics of acute blood loss. 

A, Immediately after whole hlood is lost. Ho and [TPJ should not change because erythrocytes and plasma 
are lost proportionately. I towever, blood volume is decreased. 

B, Hypovolemia stimulates thirst to replenish ECF volume and induces movement of ECF from extr avascu- 
lar space to intravascular space, thus expanding blood volume. The fluid shift dilutes erythrocytes {and 
plasma proteins) and thus anemia {and hypoproteineniia} develops. The degree of anemia depends on the 
quantity and duration of hemorrhage and the length of time since the onset of hemorrhage, Splenic con- 
traction will diminish the severity of the anemia because splenic hlood is rich in erythrocytes- 


throcytes are absorbed (auto- transfusion) or erythrocytes arc destroyed and the Fc 
Is reutilbed. 

b. Sudden anemia creates tissue hypoxia that stimulates Epo production. If marrow 
is responsive, miculocytosis should be present 3 to 4 days after hlood loss (except 
in horses}. 

2. Clinical data that support a conclusion that an anemia is due to acute blood loss 
(major diagnostic features) 

a. Blood loss was observed (historical or physical examination). 

(1) Gross external hemorrhage seen; if G1 hemorrhage, feces art tarry (melena) or 
feces are OCCuh blood positive (heme present); if urinary' tract hemorrhage, 
erythrocytes in urine sediment or heme- positive reaction 

(2) Hemothorax or hemoperironeum 

b. Regenerative anemia if sufficient time for response 

c. Hypoproteinemia with a proportionate decrease in alhumin and globulin concen- 
trations 

B. Chronic blood loss anemia that leads to Fe deficiency anemia 

1 . Chronic blood loss occurs when blood is lost from the body (including into G1 or 
urinary tracts) over several weeks to months. Anemia results from a combination of 
factors but is primarily the result of Fe deficiency (Fig. 4.8). 

2. When Fe deficiency develops, reticulocytosis is usually present but less than expected 
for the degree of anemia (marrow is poorly responsive). Developing erythrocytes may 
become RNA-depleted during the prolonged maturation and thus are not recognized 
as reticulocytes. 

3. Clinical data that support a conclusion that an anemia is due to chronic external 
blood loss 
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A. Compensatory erythropoiesis prevents 


the development of anemia during weeks 
to months of Wood and Fe loss. 



Tidrt^/ 


B. As Fe deficiency develops, 

effective erythropoiesis diminishes 
and mild anemia develops* 



and marrow releases microcytic hypochromic erythrocytes.. 


Fig. 4.S. Erythrocyte kincrics of chronic blood loss that results in iron deficiency. 

A. Initially, there is a continual loss of small quantities of blood over weeks to months. Anemia does not 
develop as long as compensatory increased erythropoiesis (using stored Fe) replaces lost erythrocytes. 

II. After prolonged blood loss,. Fe deficiency develops (decreased total body Fe). When Fe deficiency is severe 
enough > erythropoiesis decreases sufficiently so that there is not adequate compensation for blood loss and 
thus anemia ensues. Fe deficiency affects many organs and is present before anemia occurs. 

C. Microcytosis and hypoehromasia result from the defective heme synthesis caused by Fe deficiency, 
Hypocbramasia develops because there is inadequate Fe available for incorporation into heme for Hgb 
formation. While attempting to reach ''ideal" cytoplasmic [Hgb], erythroid precursors are thought to 
undergo additional mitoses, so microcytes ate formed (microcytic normochromic anemia). With severe Fe 
depletion, precursors are eventually unable to reach optimal cytoplasmic [Hgb] and then hypochromic 
cells are formed (microcytic hypochromic anemia). 


a. May find tarry feces (mdena); urine or feces may be heme positive; frank hemor- 
rhage frequently not observed; if due to parasitism, may find intestinal nematode 
ova, fleas, or other parasites 

b. Poorly regenerative, microcytic normochromic to microcytic hypochromic ane- 
mia; erythroid hyperplasia in marrow but ineffective erythropoiesis because of the 
maturation defects 

c. Mild to moderate hypoproteinemia 

d. Hypoferremia* decreased total body Fe (depleted storage sites), and decreased 
serum ferritin concentration 
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e, History of Frequent blood donations 

4. Young animals are more prone to develop Fe deficiency anemias than mature animals 
because they have relatively little Fe storage, they consume less Fe while on a milk 
diet, and die)'' have large Fe requirement! during growth, 

HEMOLYTIC ANEMIAS 

I . Con cepts a nd dassificat io n s 

A. Hemolysis (erythrolysis) is erythrocyte necrosis and occurs at the end ol every erythro- 
cytes life. When the rate of in vivo hemolysis increases* then it is a pathologic state. 
Pathologic hemolysis may be defined as m increased rate of erythrocyte destruction 
resulting in a decreased erythrocyte life span. 

B. Exiravascu.hr versus intravascular hemolysis 
1 * Maj or differences 

a. Intravascular hemolysis 

(1) Erythrocyte destruction occurs in the blood within blood vessels or heart. 

(2) It is clinically recognized when it causes hcmoglobincmia and hemoglobinuria 
(or if measured, decreased serum haptoglobin concentration). 

lx Extra vascular hemolysis 

(1) Erythrocyte destruction occurs outside of arte rial - ca p i 1 1 a tv-venous system. It has 
been called intracellular hemolysis because destruction occurs in macrophages 
near venular sinuses of spleen, liver, and bone marrow. Splenic macrophages 
have greatest contact with erythrocytes in the red pulp. Macrophages also have 
the ability to attach to erythrocytes within blood by reaching through noncon- 
rinuous capillary walls* and then binding* engulfing, and lysing the erythrocyte. 

(2) it does not cause hemoglobinemia or hemoglobinuria. 

2. Why differentiate intravascular hemolysis from extravascular hemolysis? 

a. Establishing a major site of erythrocyte destruction may be a diagnostic dues i,e„ 
certain diseases typically cause extravascular hemolysis, others typically cause 
intravascular hemolysis (Table 4,8). 

b. Differentiation may be helpful in determining prognosis and treatment. 
Intravascular hemolysis usually occurs with life-threatening diseases and thus its 
presence suggests a poorer prognosis and immediate treatment and management 
of the case arc indicated. 

3. Problems with classification system 

a. "Disease*” don't read the hook; i.e,, a disorder may be described as causing 
extravascular hemolysis but your case may be the uncommon exception with 
intravascular hemolysis that was nor mentioned. 

b. Diseases may cause anemia by both intravascular and extravascular hemolysis. 

c. Disorders may switch from one to another mild extravascular hemolysis 
becomes an intravascular crisis). 

4. Major features of the hemolytic disorders are listed in Table 43), 

C. Thorough examination of erythrocytes in a blood film is an essential diagnostic proce- 
dure for suspected or confirmed hemolytic anemias. A well-made and well-stained blood 
smear and a good microscope with a 1 00 X oil objective are needed for such examina- 
tions. One may see organisms or definite dues of a hemolytic process. 

1. Organisms: Haemobartmieik, Eptrythr&z&on> Anaptasma, Babesia, Cytauxzoort , 

Thtilcria 
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Table 4JL Hemolytic disorders and conditions 

Immune hemolytic disorders 

"Idiopathic 1 (includes autoimmune) 

Drug-induced* 

Alb immune 

Neonatal isoery th rol y sis 
Blood transfusion reactions 11 
Hemolysis induced by bacterial and viral infections 
™ Hatmobanonetla spp. 

Eperythmsmm spp, 

¥> Ana plasma spp, 

Lepmpna spp T h 

ElAV' b 

Fe.LV' 1, 

Hemolysis associated with other infections {e.g., ehrlichiai) h 
Erythrocytic metabolic defects (acquired or inherited) 

Ojtidativc damage 

Heinz body hemolysis 1 

Eccentrocytic hemolysis (acquired or inherited) 1 
Defects in ATP generation 
PK deficiency 
PFK deficiency 4 
Hy pophosp hatem ic hemolysis 1 
Defects in heme synthesis that result in porphyria 
Bovine congenital erythropoietic porphyria 
Feline erythropoietic porphyria 

Erythrocyte fragmentation itt blood creating schizocytes* keratocytes* or acanthocytes 
^Intravascular coagulation (localized nr disseminated) 

*' Vasculitis 
Hemangi osarcoma 
Rheologic disorders 

Cava I syndrome of dirofilariads 
Cardiac valvular disease 

Erythrocyte membrane damage due to phospholipase activity from Clostridium spp* 

Bacillary hemoglobinuria [Clostridium haemolytkum or G noiyitY 
Yellow lamb disease {Clostridium perfringens, type A) 

Hemolytic anemia of other or unknown pathogeneses 
Protozoal t n fectio ns 
Cytauxzoon frliP 
Babesia spp/ 

ThtiUria spp. 

Trypanosoma spp. 

Hepari n - induced he m olysis 
Iatrogenic hypoosmolar hemolysis 1 
Envenomation (snakes* spiders N insects) 

H 3 stiocy t ic neoplasia 1 * 

Idiopathic nonsphemeytic hemolytic disorders with increased osmotic fragility 
Hereditary nonspherocytic hemolytic anemia of beagles 
Idiopathic hemolyiic anemia of Abyssi n i an and Somali cats 

1 Hemoglobinuria or hemoglobi Min ia may be present because of marked intravascular hemolysis. 
h Other mechanisms may also cause anemia in these infections. 
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Table 4.9. Major features of intravascular and cxtravascular hemolytic disorders 

Feature 

Clinical intravascular hemolysis* 

Predominantly 
cxtravascular hemolysis 11 

Site of hemolysis 

Within blood vessels or heart 

Macrophages near blood 

Degree of RBC damage 

Marked 

sinuses of spleen , liver, or 
marrow 

Mild to moderate 

directly caused by the 
hemolytic agem/pnoccss 
Severity of anemia 

.Marked or rapidly falling 

Mild to marked 

Onset of illness 

Hours to days 

Days to weeks 

Reticulocytes is 

Usually after initial presentation 

Usually at initial presentation 

Hemoglobins mi a 

Yes, but may not he grossly visible 

No 

Hemoglobinuria 

Yes 

No 

Hyperbili mbi nemia 

No" 

Usually at presentation; 

Bilirubin uria 

No< 

usually Bu > Be 
Usually at presentation 


* Clinical intravascular hemolysis is recognized by finding, pathologic hcmogLobinemia and pathologic 
hemoglobinuria, In most of these disorders, there will he concurrent cxtravascular hemolysis. 

h During these disorders, intravascular hemolysis may be occurring but it is not severe enough to cause 
hemoglobinemia or hemoglobinuria. 

"'ll concurrent extra vascular hemolysis of sufficient duration and severity, hyperbilirubinemia and foiliru 
binuria can be present. 


2, Clues of a hemolytic process: spherocytes, Heinz bodies, eccentrocyies, pyknocytes, 
schizocvtes, keratocyces, acanthocytes 
D. Hemolytic icterus (jaundice) 

1, Pathologic hemolysis leads to increased Hgh degradation, thus increased bilirubin 
formation, and perhaps development of icterus. Icterus may develop in animals with 
either intravascular or extra vascular hemolytic disorders. In both forms, there is 
Increased Hgh degradation but the sites of erythrocyte destruction differ. Icterus that 
develops in animals with intravascular hemolysis may be due to the concurrent 
cxtravascular hemolysis, 

2. Hyperbilirubinemia occurs when Bu travels through the blood from tissue 
macrophages to die liver. If Bu formation exceeds an animals ability to excrete it into 
the bile as Be, hyperbilirubinemia will develop. If the capacity of the liver for Bu 
uptake, conjugation, and excretion (rate- limiting step) .are not exceeded, serum 
bilirubin concentration may remain WRI even though pathologic hemolysis is 
present, 

3. The "back-up” step (or rate- limiting step) In bilirubin excretion is the transport of Be 
to the biliary system. Once the transport maximum is reached, Be is NcgurgitatctT 
out of hepatocyres and into plasma, 

4, Bu and Be compere for the same receptors on hepatocytes; thus* once the excretion 
system becomes saturated, both forms increase in plasma. Generally, with icterus of 
hemolytic origin, |Bu] > [BcJ. In longer-standing hemolytic disorders (week or 
more), the [BcJ may equal or exceed [Bu]; especially if there is liver damage (caused 
by hypoxia or other insults). 
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E, Bilirubin uria (bilirubin in urine) 

L Be is H-,0 soluble and is not protein bound, thus it easily passes through the 
glomerular filtration barrier and is not resorbed (low renal threshold), 

2, Bu is H.O insoluble and is bound with albumin in plasma, thus very little Bu gets 
through the glomerular filtration barrier in most animals (high renal threshold), 

3, Dogs have a very low renal threshold for bilirubin and thus some bilirubin is present 
in urine of healthy dogs. The bilirubin may be Be because it freely passes through the 
glomerular filtration barrier However, many healthy dogs also have a mild albumin* 
uria, and thus the detected bilirubin may be Bu bound to albumin, 

4, Bilirubinuria usually occurs before clinical hyperbilirubinemia (icterus) because Be is 
excreted in urine as soon as its concentration in blood starts to increase and clinical 
icterus is usually not recognised until scrum bilirubin concentrations exceed 1*5 to 
2.0 mg/dL. 

E Urobilinogen uria 

1. Renal urobilinogen excretion increases in hemolytic anemias but urobilinogen] ria is 
not recognized frequently, perhaps because urobilinogen is unstable in urine, 

2, Increased urinary urobilinogen excretion occurs because all the pathways associated 
with the excretion of heme degradation products are enhanced. 

G„ Hemolytic hcmoglobincmta and hemoglobinuria (Fig, 4,9) 

1, Hgb nephropathy 

a, Hgb nephropathy is a pathologic state seen in hemolytic disorders characterized 
by proximal tubular degeneration leading to renal insufficiency 

b, Hgb casts may be present in renal tubules and/or urine, 

2, A key to recognizing intravascular hemolysis is differentiating the pathologic causes 
of red, brown, or black urine, Le., hemoglobinuria, hematuria, and myoglobinuria. 
These pigmen curias can typically be classified by criteria shown in Table 4.10, Other 
causes of pigment uria are described in Chapter 8. 

II, Hemolytic disorders and diseases ['fables 4.8 and 4, 1 1) 

A, Immune hemolytic anemias 

1 . Concepts 

a. Immune hemolytic anemias occur when an animal’s immune system produces 
antibodies that bind directly or indirectly to its own erythrocytes (ESAIg) and 
lead to erythrocyte destruction. The process may be initiated by a defective 
immune system* defective erythrocytes* or adsorbed antigens from drugs, infec- 
tious agents, or neoplasms. Factors that initiate the process are usually not known. 

b. Hemolysis may occur through three major processes (Fig, 4,1(3), 

c. Clinical evidence may suggest the presence of intravascular hemolysis, extravascular 
hemolysis, or both, ESAIg molecules of immune hemolysis may be IgCL IgM, or 
IgA. 44,41, Extra vascular hemolysis occurs when erythrocytes coated with immuno- 
globulins are engulfed by macrophages. It the immunoglobulins fix complement, 
the membrane attack complex (C5b-9) may form and cause intravascular hemoly- 
sis. Variations in antibody involvement create variations in clinical manifestations. 

d. Direct antiglobuliri tests (or Coombs’ rest) may be used to detect the presence of 
ESAIg or complement on a patient’s erythrocytes (see Chap. 2), 

e. To understand some of the clinical manifestations and laboratory findings of 
immune hemolytic anemias, the major features of warm and cold antibodies need 
to be understood. 


Primary Secondary Overflow 



Fig. 4,9- Pathogenesis of hemoglobin cm ia and hemoglobinuria during intravascular hemolysis (Hpt = hapto- 
globin, Hpx = hemopexin). 

* Normal physiologic processes that conserve Fe released during intravascular hemolysis can he divided into 
primary and secondary systems. These systems are not saturated during health and thus hemoglobinemia is 
not seen in health, in pathologic states* saturation of ihe primary and secondary systems leads to hcmoglo- 
bincmia and hemoglobinuria (loss of Hgb and Fe). 

* Primary system of Fc conservation (docs most of work unless saturated or overwhelmed) 

° Intravascular erythrocyte damage or death causes release of Hgb to plasma. I he unstable Hgb tet ranter 
splits into dimers (Hgb-D) and immediately binds to Hpt (if available). The Hpi/Hgb dimer complexes 
are cleared from plasma primarily by hepaiocytes, which degrade Hgb-D to Bu, Fe l+ + and amino 
acids. ,Wpli1 There is evidence that macrophages have a receptor for the Hpi/Hgb complex and thus they 
may also be involved in clearing the complexes from plasma. 1 
° Plasma [HgbJ or [Hgb/Hpt] may be high enough to cause the plasma to be pink., and thus hemoglobine- 
mia is recognised- Plasma wilt appear pink when plasma [Hghl Sr 50 mg/dL 

* Secondary" system of Fc conservation (becomes more important after plasma [Hpt] decreases) 

° Continued or mote severe intravascular erythrocyte damage or death causes release of more Hgb to plas- 
ma. The plasma Hgb may oxidize to form methcmogfobin, which dissociates and releases met he me and 
gjobin, Medicine binds to Hpx to fomi a metheme-Hpx complex and heme binds with albumin (AJh) to 
form a heme-albumin complex* 133 

3 Meiheme-Hpx complexes enter liepatocyces, where iliey are degraded to Bu* amino ."tods, and Fc'" . 

Heme from the heme-albumin complex may directly enter hepatocytes, 1 ,3, 

* Overflow (when Fe conservation systems are saturated; results in marked hemoglobinemia and concurrent 
hemoglobinuria) 

t> If the rate of hemolysis exceeds the ability of Hgb-bindang proteins to conserve Fe, free Hgb-D accumu- 
late in plasma (hcmoglobinemia); the transport maximum of Hpt for Hgb-D is near 150 mg/dl ... 

Hgb-D pass through rhe glomerular filtration barrier and are excreted in urine (hemoglobinuria). 
Proximal tubular epithelial cells have minimal ability to rcsorb Hgb-D and degrade them to Bu for con- 
jugation and urinary" excretion. 
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Table 4, 1 0. Differential features of hem atari a, hemoglobinuria, and myoglohinuri a 



Hematuria 

Hemoglobinuria 

Myoglobinuria 

Hct 

WRI" 

Decreased. 

WRt 

Plasma color 

Not pink to red b 

Pink to red 

Not pink to red 

Urine color 

Pink to red c 

Pink to red 4 ' 

Pink to red L 

Urine heme reaction 

Positive 

Positive 

Positive 

RBQt in urine sediment 

Ycs J 

No 

No 

Information to support muscle damage 4 ' 

No 

No 

Yes 


- 1 Unless There is an associated disorder (hat causes cut ensile hemorrhage. 

** Unless there is concurrent in vivo or in vitro hemolysis. 

* Heme typically is red bur may become brown ro black with degradation or oxidation. 

A Erythrocytes may lyse after they enter urine {especially in dilute urine) and thus may not be seen in a 
urine sediment examination. 

r Information may include historical or physical evidence of muscle damage (e.g.. stiffness, trauma) or 
increased serum creatine kinase activity. 


Table 4.1 L Recognized hemolytic anemias o f dogs, c ats, horses, and cattle 


Type of anemia 

Dogs 

Cats 

Horses 

Cattle 

1 mm un e- medi a ted 
(not infectious) 

It HA 

Drug-induced 

HI 

Transfusion 

1 1 HA 
NI 

Transfusion 

1 1, HA 

Drug-induced 

NI 

1 1 fansfusion 

11 HA 

Infectious 

Hd c m o hi i rtti n elLi 

Babesia 

Ehrlichia 

Hatmo ba rto nella 

Cytauxz&on 

FeLy* 

Ehrlichia* 

Babesia 

Leptospira 3 

EJA 

Ebrlkhiit 

Eprrythrozoon 

Atutplasma 

Babesia 

Umbria 

Leptospira 

Clostridium 

Trypanosoma 

Metabolic 

Hein/- body 
Ecceiitrocytic 
PK deficiency' 

PFK deficiency 
Hypoph osphatem i a 

Heinz body 
PK deficiency 
Erythropoietic 
porphyria 

Heinz bodv 
■< 

Eccentrocytic 

Heinz body 
Hy po ph osphate mia 
Congenital 
erythropoietic 
porphyria 

Traumatic 

Angiopathy 

Angiopathy 

Angiopathy 

— 

Other 

Envenomation 

Histiocytic 

neoplasia 

Hereditary 

nonspherocytic 

Idiopathic 
(T fragility) 

Heparin- 

induced 

Hypoosmolar 


• Firm evidence of hemolytic anemia not found. 


(1) Warm antibodies (usually IgG) 

(a) M ax i mal hi nd i ng ac ri vi ty at 37*-39°C 

(b) Warm antibodies are more common than cold antibodies. They may bind 
submaximallv to erythrocytes at room temperatures and thus can cause 

a utoaggluti nation. 
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Fig, 4.10* Pathogenesis of immune hemolysis. 

* Erythrocytes coated, with ESAlg and/or C3 undergo cxtravascular hemolysis in macrophages. 

* Erythrocytes coated with ESAlg and/or C3 arc converted to spherocytcs by macrophages removing eryth ro- 
tate membrane. Spherocytcs undergo either cxtravascular or intravascular hemolysis because of [heir rigidity 
and fragility,, respectively, 

■ Some ESAJg may bind complement (especially IgM), which activates the complement cascade and leads to 
intravascular hemolysis via C5b-9, the membrane attack complex. 
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(2) Cold, ante bodies (usually 1 gM ) 

(a) Maximal binding activity at 4°-20°C 

(b) Cold antibodies may be able to bind in vivo while passing through cool 
extremities, and thus they can activate complement and initiate immune 
hemolysis. They typically will cause autoagglutination as erythrocytes 
cool during or alter collection. 

2. Disorders 

a. II HA (also called IMHA, immune- mediated hemolytic anemia) 

(1) 11 HA is the most common hemolytic anemia of dogs. It is also found in cats, 
horses, and cattle, 

(2) II HA is commonly referred to as AIHA although the factors that initiated the 
immune hemolysis are not known. Typically, it is assumed that the hemolysis 
is an autoimmune process because known causes of immune hemolysis are 
not found. 

(3) Classic laboratory features of 11 HA: regenerative anemia (mild to severe), 
icterus, possibly hemoglobinuria* spherocytosis (usually recognized only on 
dog blood films'), positive Coombs’ test, inflammatory leukogram including 
neutrophilia with regenerative left shift and monocytosis, absence of evidence 
of other immune hemolytic anemias 

(4) Exceptions to classic features 

(a) Anemia may be non regenerative il it is less than 2-3 days duration, if 
antibodies are also attacking marrow erythrocyte precursors (e,g,, pure 
red cell aplasia), or if another disease process is interfering with eryihro- 
poiesis. 

(b) Evidence of ratravascular hemolysis (icterus, bilirubuiuria, etc.) may not 
be present if the rate of erythrocyte destruction is only slightly increased 
or if accelerated hemolysis is of short duration, 

(c) Spherocytosis may not be present because sphcrocyres may not accumulate 
in blood if their rate of formation is less than the rate of their removal 

(d) Coombs’ test may be negative due to a low density of ESAIg or technical 
problems, including prozone reaction, poor reagents, or poor sample, 

(5) Other laboratory or diagnostic features of IIHA cases: erythrocyte atitoagghi- 
ti nation* ghost erythrocytes, frequently thrombocytopenia, splenomegaly 

b. Drug- induced immune hemolytic anemias 

(1) Drugs are thought to induce immune hemolysis through four processes, 46 

(a) Drug binds to erythrocyte and becomes hapten ic; antibodies bind to the 
hapten, 

(b) Drug binds to a plasma protein and the conjugate becomes antigenic; 
antibodies bind to the drug/protein conjugate to form an immune- 
complex that binds to erythrocytes, 

(c) Drug binds to erythrocyte to form drug/ membrane complexes that are 
antigenic. 

id) Drug induces the formation of autoantibodies that bind to natural anti- 
genic structures on the erythrocyte membrane. 

(2) Drugs reported to initiate an IHA in domestic mammals include penicillin in 
horses, 47 4rt propylthiouracil in cats, 49 and cephalosporins in dog$A° Many 
drugs are reported to cause IHA in people. 4 * 

e. Nl (hemolytic disease of the newborn) 
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(1) In NI (neonatal isoerythrolysis), ingested maternal cotascral al loam i bodies are 
absorbed by the intestine, enter blood, and then, attach to the neonates pater- 
nal-derived erythrocyte surface antigens. The antibody-coated erythrocytes are 
then lysed by macrophages or complement. 

(2) In cats, NI occurs when a queen with Type B blood passes her anri-A alloanti- 
bodies to her Type A or Type AB kittens via colostrum. Type B erythrocytes 
are uncommon in American domestic shorthair cats (< 5%); highest incidence 
is found in British shorthair (41%), Devon rex, (40%), and Cornish rex (54%) 
eats A Anri-B al ban ti bodies of Type A cats typically have weak activity and 
thus are nor associated with NI. Type AB caw do not have alloanti bodies A 3 

(5) In horses* NI may occur if a mare is negative for Aa or Qa antigens* she has 
acquired aJJoantibodies against such antigens during prior pregnancies or 
transfusions, and her foal is positive for the Aa or Qa alloantigen (paternally 
derived)* Other acquired alloanti bodies are typically too weak to cause isoery- 
ihrolysisA 3 In one study involving 799 mares, anti-erythrocyte antibodies 
were detected via hemolytic or agglutination tests in 20% of the standard bred 
and 10% of the thoroughbred mares. However* most of the antibodies were 
ami-Ca; only 1% of thoroughbreds and 2% of standardbreds had either anri- 
Aa or anti-Qa antibodies, 1,4 

(4) In dogs* NI may occur if a DEA 1 .1 -negative bitch develops antUDEA 1 .1 
antibodies after being transfused with DEA 1.1 -positive blood. Dogs are nor 
known to have clinically significant naturally occurring alloanribodies and 
other acquired alloanti bodies probably do nor cause hemolysis. 1 * 2 
d. 1HA secondary to incompatible blood transfusions 

(!) Transfused donor's erythrocytes are at racked by the recipients (patients) cir- 
culating anti-erythrocyte antibodies. Transfused erythrocytes are recognized as 
foreign because the donor and recipient have different antigens on their ery- 
throcyte membranes. 

(2) The alloanribodies that cause hemolysis are the same its those that cause NI. 

In dogs and horses, the alloanribodies are acquired antibodies that develop 
during pregnancy* parturition, or after whole blood transfusions. In cats, the 
antibodies are natural alloanribodies. 

(3) To reduce the possibility of a hemolytic transfusion reaction, two laboratory 

rests mav be used, 

1 1 

(a) Blood typing 

(i) An animal's blood type is determined by immunologic assays that 
detect ailoantigens. on potential donor cells. For example, a cat w ith 
B-alloantigen is a lype B cat, 

(si) Blood from dogs positive for DEA 1.1 should not be given to DEA 
I J -negative dogs* Blood from horses positive for Aa- or Qa-alloanti- 
gens should not be given to horses negative for Aa- or Qa-alloanti- 
gens, respectively. Blood from Type B cats should not be given to 
Type A cats, 

(b) Cross-matches 

(i) Major cross- match 

* The procedure involves mixing and incubating potential donors 
erythrocytes with the recipients serum. Antibody binding is 
detected by agglutination, hemolysis* or a Coombs* test. 
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* A compatible major cross-match indicates that alloannbodies 
against the donors erythrocytes were not detected. An incompati- 
ble major cross-match indicates that aJioanti bodies against the 
donor’s erythrocytes were detected, 

* There is not a standard cross-matching procedure in veterinary 
medicine and thus results may vary. An incompatible cross-match 
may occur when the detected al loan ti body is not clinically signifi- 
cant. Conversely, some significant al loan u bodies are not detected 
by agglutination and require complement-reactions or Coombs' 
testing to detect. 

(ii) Minor cross- match (not done as frequently as the major) 

“ The procedure involves mixing and incubating recipients erythro- 
cytes with potential donor's serum. 

* An incompatible minor cross-match is usually not a clinical concern 
because it is not expected to cause a major transfusion reaction. 

e. I HA induced by bacterial and viral infections 

(1) Haemobartonella spp. (may be reclassified as Mycoplasma spp.) 

(a) H, fclis in cats; causes feline infectious anemia 

(1) Organisms vary in pathogenicity; most strains arc opportunistic 
white others are considered strict pathogens, 

(ii) Parasitemia is usually present during hemolysis, may suddenly dis- 
appear (within hours) from peripheral blood* and may fall off ery- 
throcytes in vitro and thus films made from fresh blood need to he 
examined. 

(b) H. c an is in dogs 

(i) Parasitemia is usually seen in splencctomized and in, immunologi- 
eally compromised dogs, 

(ii) Like H, fills H. cams may detach from erythrocytes as the sample 
ages. 

(c) Pathogenesis of the hemolysis is considered immune- mediated* 

Antibodies bind to the parasitized erythrocytes either because of bound 
parasite antigens or antigens exposed on altered membranes. 

(d) Major laboratory findings: HacmobartcmelLt spp, on erythrocytes in films 
of fresh blood; moderate to severe anemia; reticulocytosis and polychro- 
mes ia; mild to moderate hyperbilirubinemia and biJimbimma; direct 
Coombs' test positive; spherocytosis (dog); autoagglutination; PC Ex- 
positive for HaemabartonelU spp. 

(2) Eperytbrozoon spp* 

(a) £ suis and £. p&rvum in pigs, E. wmyonni in cattle, and E avis in sheep; 
an eperythro7joal organism has been found in llamas. 

(b) Parasites are most numerous when Ha is falling. 

(c) Like HatmobartondU* organisms may detach from erythrocytes in vitro. 
Best chance to detect and identify organisms is on blood films made 
immediately after blood collection, 

(d) Pathogenesis of hemolysis is considered immune- mediated (same as 
hemobartonell ash) . 

(e) Laboratory findings for E, suis infection: £’, suis on erythrocytes; moderate 
to severe anemia; reticulocytosis or polychromasU; mild ro moderate 
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hyperb tl i rubinem i a and bilirubin uria; PCR-positive for Eperythroz&on 

S PP‘ 

(f) Like hemobarco nellovis . eperythrozoal infect ions may not cause a clinical 
hemolytic anemia unless the animal is immunologically compromised. 

(3) Artaplasma spp. 

fa) A margmlt (cattle), A . outs {sheep and goats), A central* (cattle of South 
America, Africa, Middle East) 

(b) A margtnale are most numerous when Hct is falling; 4—5 days later it is 
difficult to find organisms. The marginal body may appear to protrude 
from the erythrocyte membrane, but it is nor external. 

(c) Pathogenesis of anemia is mostly immune-mediated. Antibodies bind to 
erythrocytes damaged by the anaplasmal infection and cause extra vascular 
hemolysis. 

(d) Major laboratory findings: organisms found early in disease; moderate to 
severe anemia; ncticulocytosis, polychromasia* and basophilic: stippling; 
mild to marked hyperbilirubinemia and bilirubinuria; PCR-positive for 
Anaplasma spp. 

(4) Leptospira spp. 

(a) L. interrogans serovars pomona and ieterohemorrhagtea do nest infect ery- 
throcytes but infection of other tissues (kidney, liver) can lead to a 
hemolytic state. 

(b) Leptospira spp. infect most domestic animals and many wild animals ss 
but the hemolytic state is seen primarily in calves, lambs, and pigs,* 6,1 ' 7 
Toxins of Leptospira spp. are not known to be in vim hemolysins in dogs 
and cats. 

(c) Pathogenesis of the anemia is not established but may involve an 
immunologic response associated with an IgM cold agglutinin'* 1 '’ - ' or 
leptospiral phospholipase activity. 60-62 

(d) Major laboratory findings: moderate to severe anemia; hemoglobinemia 
and hemoglobinuria; hyperbilirubinemia and bllirubinuria; neutrophilia; 
lepcospinl spirochetes detected in urine or other fluids by direct dark- 
field microscopic examination; at least a fourfold increase in convalescent 
titer ro either pomona or kterohemonhapcd serotypes; positive PCR rest 
for Leptospira spp. 

(5) EIAV 

(a) EIAV is a retrovirus that infects cells of the mononuclear phagocytic sys- 
tems of horses, ponies, donkeys, and mules. The disease is called equine 
infectious anemia (swamp fever, equine malarial fever, mountain fever, 
slow fever). 

(b) Persistent replication of EIAV in macrophages and the horses response to 
the infection create the pathologic states that cause clinical disease/’ 5,64 
The clinical disease may be an acute hemolytic state or a chronic debili- 
tating disease caused by the recurrent episodes. 

(c) Anemia pathogenesis: both decreased erythrocyte production and hemolysis 

(i) Decreased production due to tumor necrosis Factor and other 
cytokines that inhibit crythroid precursors 

(ii) Hemolysis is due to immune-complexes or complement fragments 
adhered to erythrocytes, which are then destroyed by macrophages. 
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(d) Major laboratory findings 

(i) Anemia may appear as an acute intravascular hemolytic anemia in 
acute stages; more commonly it is a chronic extrayascular hemolytic 
anemia or a chronic normocytic normochromic anemia. 

(ii) Other findings; hemoglobinemia (acute); perhaps anisocytosis and 
macrocytosis; perhaps spherocytosis; rhrombocytopcnia; neutropenia 
or neutrophilia; Coombs' test positive; Coggins' rest positive 

(6) FeLV 

(a) Most anemias associated with FeLV infections are due to decreased ery- 
throcyte production, but some might be due to hemolysis/^ 66 

(b) A FeLV infection may predispose a cat to certain infections (e.g. T 
Haemobartoriella) or be associated with immune hemolytic processes, 

B. Erythrocytic metabolic defects (acquired or inherited) 

1. Oxidative damage 

a. Heinz body hemolytic anemia 

( 1 ) Heinz bodies arc foci of denatured hemoglobin and their formation appears 

to involve a sequence of events in erythrocytes, fi7 

(a) Erythrocytes are exposed to an oxidant that overwhelms the reductive 
pathways that keep Hgb in a reduced scare (Fig, 4.5), 

(b) Hemoglobin is converted to Hgb-Fe J \ 

(c) Hgb-PV" undergoes spontaneous conformational changes to form 
hem ich tomes or form a heme-depleted Hgb* 

(d) Hem i chromes or heme-depleted Hgb molecules precipitate and aggregate 
to form Heinz bodies. Oxidation of sulfhydryl groups and formation of 
disulfide bond occurs during the precipitation process. The Heinz bodies 
are frequently associated with the erythrocyte membrane through 
hydrophobic bonds. 

(2) Many oxidants or substances contain oxidants reported to cause Heinz body 

formation in domestic mammals, 

(a) Dogs; acetaminophen, benzocaine* hydrogen peroxide, onions (n- propyl 
disulfide), Vit Kj (phytonadione)* Vk ffo (menadione)* naphthalene, 
pheny [hydrazine, possibly zine^ 

(b) Cats; acetaminophen, benzocaine, methionine, methylene blue (in old 
urinary antiseptics), onions, phenazopyridine* propylene glycol 

(c) Horses; onions, phenorhiazine, red maple {Acer rubrum) leaves (wilted 
or dry) 

(d) Ruminants; Bmssiea spp. (kale, rape), copper toxicosis, hydrogen peroxide 
(intravenous), molybdenum deficiency, onions, rye grass 

(3) Pathogenesis of the anemia may involve multiple mechanisms* 7 

(a) Erythrocytes containing Heinz bodies are less deformable and are trapped 
and lysed in the spleen. 

(b) Structural damage caused by oxidation of membrane protei ns or binding 
of Heinz body to erythrocyte membrane leads to fragile cells that may 
lyse within vessels or si hum ids. 

(c) Binding of hemichromes to band-3 proteins of the erythrocyte membrane 
result in a redistribution of band-3 proteins and formation of an antigen 
that is recognized by autologous and bodies. After antibody binding, the 
defective erythrocyte is removed by splenic or hepatic macrophages. 
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(4) Major laboratory features: mild to severe anemia; polychromasia and reticulo- 
tjtosis;. Heinz bodies in peripheral blood (NMB or other vital stain may help 
confirm presence); ctccntrocytosis; hyperbilirubinemia and bilirubin uria; in 
acute severe cases,, hemoglobinemia and hemoglobinuria; methemoglobine- 
mia may be present (dark or chocolate-colored blood) 

(5} Feline Heinz bodies 

(a) Clinically healthy, non anemic cats and cars with nonhemolytic anemias 
frequently have circulating erythrocytes which contain Heinz bodies that 
are of little to no clinical significance; typically a. minority of the erythro- 
cytes contain Heinz bodies, 

(b) Feline Heinz bodies were described as erythrocyte refract ile bodies (ER 
bodies) by Schalnv In unstained, direct, wet preparations, Heinz bodies 
were retractile (do nor confuse with refract tie membranes on stained 
smears that are artifacts). 

(c) Theories that attempt to explain why healthy cats may have circulating 
Heinz bodies 

(i) Feline erythrocytes containing Heinz bodies are probably nor 
removed from circulation as rapidly as in other species because the 
cars spleen has a closed circulation. Therefore, erythrocytes do nor 
flow through the red pulp in which “pitting” of Heinz bodies is 
thought to occur in other species. 

(ii) Because feline Hgb has more sulfhydryl groups than other species, it 
may be prone to form more disulfide bridges, and thus more dena- 
tured Hgb, 

(iii) Feline erythrocytes may have less reductive capacity. 

(d) Cats that eat semi- moist food containing propylene glycol have more 
Heinz bodies and their erythrocyr.es have shorter life spans, but clinically 
significant anemia is not expected. 

(e) Cats with a variety of disorders {e.g.* diabetes mcllitus* hyperthyroidism, 
lymphosarcoma) may have increased percentages of erythrocytes contain- 
ing Heinz bodies, 

(f) Diagnosis of Heinz body hemolytic anemia in cats requires finding a 
regenerative anemia, evidence of hemolysis (usually hyperbilirubinemia or 
bilirubinuria), and demonstration of Heinz bodies in erythrocytes. 

Known exposure to an oxidant: is very helpful, 

b. Eccentrocytic hemolytic anemias (acquired or inherited) 

(1) Pathogenesis of the anemia probably involves multiple mechanisms 

(a) Eccemrocytcs are more rigid and thus less able to pass through splenic 
sinusoids, thus they are trapped and removed by macrophages. 

(b) Ec&entrocytes may be more fragile because of the damaged membrane or 
cytoskeleton and thus may spontaneously rupture in blood, 

(2) Acquired states 

(a) Oxidative damage to erythrocytes may cause formation of ecccntrocytes, 
Heinz bodies, or both, 

(b) Factors that determine the outcome of oxidative damage are not under- 
stood. Oxidants reported to cause Heinz bodies in one animal may cause 
eccentrocytosis or methemoglobinemia in another, 

(3) G6PD deficiency 
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fa) X -linked defect that is common in people and was found in one 

American saddlebred colt. 18 The nonsense mutation occurred in the colts 
dam 69 and is not a breed problem because none of the colts male siblings 
lived to produce progeny. 

(b) Pathogenesis of anemia: G6PD is the rate-controlling enzyme for the 
HMP shunt from which NADPH is produced (Fig. 4.5), NADPH is a 
potent reducing agent that keeps GSH, and indirectly other substances, 
in a reduced stare. With reduced G6PD activity, erythrocytes are not able 
to repair damage caused by spontaneous oxidation, thus, the cells are 
prone to eceentrocyte and pyknocyte formation and reduced life spans, 

(c) Major laboratory findings in the horse: persistent macrocytic nor- 
mochromic anemia (Her near 20%); eccentrocytosis and pyknocytosis; 
macrocyrosis; persistent icterus (primarily increased [Bu]) 

(d) Confirmatory diagnostic findings: greatly reduced erythrocyte G6PD 
activity; decreased concentrations of GSH and NADPH; increased 
m e t h emogl obi n co n cen nation 

(4) FAD deficiency 

(a) A Spanish mustang mare had a defective biochemical pathway in her ery- 
throcytes thai created a FAD deficiency 70 The FAD deficiency led to defi- 
cient activity of Cb^R and GR, enzymes that contain FAD (Fig.4.5), 
Hereditary aspects of ihe defect were not determined. 

(b) Major laboratory findings in the horse: eccentrocytosis, pyknocytosis, 

Hgb crystals, and methemoglobinemia 

2. Defects in ATP generation 

a, PK deficiency 

(1) PK deficiency is a hereditary disorder of people, several breeds of dogs (basen- 
ji» beagle,, cairn terrier, West Highland! white terrier, American Eskimo) and 
in Abyssinian cats." 1 - 7 ' The clinical illness typically k seen in dogs in the first 
few weeks to months of age, but less severe deficiencies can be found in older 
dogs, 

(2) Pathogenesis of anemia: Normal erythrocytes have a PK isoenzyme (R-type) 
char normally catalyzes the last ATP generation step of anaerobic glycolysis 
(Fig. 4 ,5), Without PK activity, erythrocytes become ATP-deficienr, erythro- 
cyte membranes become defective, and hemolysis occurs. In this disorder, 
young erythrocytes have a little PK (R-type) but the PK (R-type) content 
decreases as the cell ages and erythrocytes have a greatly decreased life span. 

(3) Major laboratory findings: moderate anemia, moderate to extreme reticulocy- 
tosLs (RP - 40%- 60%), mild to moderate icterus; spheroech i nocytes arc 
reported to occur but are uncommon in canine cases; pancytopenia may 
develop in later stages if myelofibrosis develops. 

(4) Confirmatory diagnostic findings: decreased erythrocyte PK (R-type) activity; 
total erythrocyte PK activity may be increased because of increased M2-PK 
(heat-labile). PCR testing can confirm .some PK deficiencies. 73 

b. PFK deficiency 

(1) First recognized in English springer spaniel dogs with erythrocyte PFK activi- 
ty near 10% of healthy dogs. 74 ' 75 Other cells in these dogs (e,g. h muscle fibers) 
were also deficient in PFK. More recently recognized in American cocker 
spaniels 76 and mixed breed dogs (which may have had spaniel parentage). 
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(2) Pathogenesis of anemia: PFK is a rate-controlling enzyme of glycolysis (Fig, 
4,5), In healthy dogs, decreased [H*J in blood (increased pH) causes 
increased PFK activity and thus increases ATP and 2 ,3- DPG formation by 
the glycolytic pathway Hyperventilation (due to excitement or exercise) caus- 
es decreased blood P a CC 2 and alkalcmia. In PFK-dcfident patients, erythro- 
cytes do not have PFK to respond to the alkalemia, Thus, glycolysis is defec- 
tive and less ATP is produced. This may result in unstable erythrocyte mem- 
brane^' and hemolysis, 

(3) Major laboratory findings: anemia, hcmoglobincmia, and hemoglobinuria 
after hyperventilation; hemolytic icterus; when not in active hemolytic state, 
dogs have mild regenerative or compensated anemias. 

(4) Confirmatory findings: PFK-deficiem erythrocytes, decreased erythrocyte 2,3* 
DPG and increased chloride concentrations; PGR testing can confirm PFK 
deficiencies. 

c. Hypophosphatemic hemolysis 

(1) Postparturient hemoglobinuria in cattle 

(a) Occurs 3=8 weeks after calving 

(b) Pathogenesis of anemia: Defective mobilization of phosphorus from hone 
and increased phosphorus loss via milk causes a pronounced hypophos- 
phatemia. Without plasma phosphorus, there is defective ATP produc- 
tion by erythrocytes that results in ATP deficiency, unstable erythrocyte 
membranes, and hemolysis. 

(c) Major laboratory findings: hypophosphatemia, hemoglobins mi a, hemo- 
globinuria, moderate to marked anemia 

(2) There are sporadic reports in horses, dogs, and cats 77 of concurrent 
hypophosphatemia and severe hemolysis. Severe hypophospharemia may 
result in decreased eiythrocyte ATP production and thus unstable erythrocyte 
membranes and hemolysis. In dogs* low [2 ,3- DPG J may also play a role by 
making cells more susceptible m alkaline-associated hemolysis. 1 

(3) Bilirubin interference can cause artifacrual hypophosphatemia with some 
assay methods, so one must be careful about interpreting the concurrent pres- 
ence of hypophosphatemia and hemolytic anemia. 

(4) Hyperinsulinism (primary or secondary to hyperglycemia) may cause 
hypophosphatemia by promoting movement of glucose and phosphorus into 
cells other than erythrocytes (glucose transport into erythrocytes is nor insulin 
dependent). Persistent hypophosphatemia may lead to depletion of erythro- 
cyte phosphorus, decreased ATP production, and hemolysis, 

3. Defects in heme synthesis that result in porphyria 

a. Porphyrias are a group of hereditary and acquired disorders in which porphyrins 
accumulate ui cells and body fluids because of a deficient enzyme activity in the 
heme synthetic pathway (Fig. 4*2). Collectively porphobilinogen through proto- 
porphyrin IX are called, porphyrins. Some authors define porphyria as an inherit- 
ed disorder and porphyrinuria as art acquired disorder/* 

( 1 ) Some forms of porphyria produce a hemolytic anemia, but other forms do 
not. The accumulation of certain porphyrins in erythrocytes results in a 
reduced erythrocyte life span and thus a hemolytic anemia. The mechanism 
of erythrocyte destruction is not firmly established but may relate to por- 
phyrin-induced damage of membrane lipids or photolysis when erythrocytes 
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are near the skin surface. 7980 When certain porphyrins absorb ultraviolet 
light, excitation of the molecule leads to oxidative damage to cells. Another 
common manifestation of oxidant damage is the dermatitis of photosen- 
sitivity. 

(2) Porphyrias can be classified as either erythropoietic or hepatic depending on 
the major expression of the enzymatic defect. 7980 The inherited hepatic por- 
phyrias have not been documented in domestic mammals, 
b. Congenital erythropoietic porphyria 

(1) Bovine congenital erythropoietic porphyria 

(a) The homozygous calves with this autosomal recessive disorder have red- 
dish brown discoloration of teeth and bones, photosensitivity, and anemia 
of varying severity. The disorder is found primarily in Holsteins, but also 
in Shorthorn and Jamaican cattle, 

(b) The porphyria results from a hereditary deficiency of uroporphyrinogen 
111 cosynthase, an enzyme that catalyzes one of the first porphyrin reac- 
tions of Fig, 4,2* 

(2) Feline erythropoietic porphyria 

(a) Erythropoietic porphyria was diagnosed in a female Siamese cat and two 
male offspring. The cats had photosensitivity, hemolytic anemia, and 
renal diseased 1 

(b) The specific enzymatic defect was not established in the cats. 

c Other hereditary erythropoietic porphyrias have been diagnosed in cattle, pig?, 
and cats; however, anemia was not reported as a feature of these forms. 7982 * 3 Lead 
poisoning creates an acquired porphyria because lead inhibits enzymes in the 
heme synthetic pathway. Anemia may be present in piumbism, hut is not consid- 
ered a hemolytic anemia caused by the porphyrin accumulation* 

C* Erythrocyte fragmentation in blood creating schizocytes, keratocytes, or acanthocyres 

1 . Erythrocyte damage is thought to be due to trauma caused by relatively rigid struc- 
tures (fibrin) or by rheologic forces (sec fable 4.8 for disorders). 

2. Pathogeneses of anemia: Because the erythrocyte trauma is a consequence of other 
pathologic states, processes that cause the anemia may be multifaceted, 

a. Erythrocyte trauma either directly causes lysis or creates poikilocytes that have a 
shortened life span. Acamhocvtes may form in circulation because of membrane 
lipid changes rather than mechanical or rheologic forces, but these forces may 
contribute to the accelerated fragmentation of acanthocytes (“budding frag- 
mentation. 1 ’), 

b. Primary diseases are frequently infectious and non infectious inflammatory disor- 
ders and thus the inflammatory state may be producing anemia (see 

N onregen e rati ve Anem las, 1 1 .A) , 

,3.. Major laboratory findings: mild to moderate anemia with no to moderate retkulocy- 
tosis and polychmmasia; schizocytosis T keraiocytosis, or acanthocytosis; thrombocy- 
topenia; may have other evidence of a consumptive coagulopathy 
D, Erythrocyte membrane damage due to phospholipase activity from dmtridmm spp ( 

I . C. hatmefytiatm and C novyii rype D 

a. Disease: bacillary hemoglobinuria in cattle and sheep (red water disease, Nevada 
red water) 

b. C. h&enmiytkum and C mpyir type D are normal inhabitants of soil and may 
remain dormant in cattle until anaerobic conditions promote iheir growth. In the 
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Untied States, bacillary hemoglobinuria is seen primarily in poorly draining areas 
of Guff Coast and Western states, and there Is a reported association with liver 
flukes, 

c. Pathogenesis of anemia: Erythrocyte damage is caused primarily by a p toxin 
(produced by either C haemolytieum or C mvyii type D) that has phospholipase 
C or lecithioase activity. The p toxin thus degrades membrane lecithin and causes 
lysis of erythrocytes. Other relatively minor hemolysins (lipase, proteinase, anoth- 
er Iccirhinase) have also been reported as products of C haem&lytkum-^' 

d. Major laboratory findings: acute severe anemia, hemogfobinemia, and hemoglo- 
binuria 

e. Confirmatory diagnostic findings: post mortem lesions; Gram-positive bacilli in 
liven spleen, blood, and abdominal fluid; G haemolyticum cultured from liver; 
phospholipase C activity (fl toxin) detected in tissues 

2. G perfringtm type A (C wtkhU) 

a. Disease; yellow lamb disease in calves and lambs (enterotoxemic jaundice, 
yellows) 

b. G ptrfringtm type A is part of normal intestinal flora in animals, but multiplica- 
tion has been associated with highly proteinaceous diets, overfeeding, and starchy 
foods., In the United States, yellow lamb disease is a lethal disease that occurs in 
spring nursing Jambs of northern California and Oregon.** It also occurs in lambs 
and calves of Canada, Australia, New Zealand, and South Africa. 

c Pathogenesis of anemia; An « toxin that has phospholipase C activity and is pro- 
duced by C ptrfrmgem type A causes hydrolysis of membrane phospholipids and 
thus lysis of erythrocytes, leukocytes, platelets, endothelial cells, and myocyte*.* 6 

d. Major laboratory findings 

(1) Acute severe cases: anemia, hemogfobinemia, hemoglobinuria, icterus 

(2) Less severe forms: anemia, polychromes ui, basophilic stippling, tubneytosis, 
leukocytosis 

E, Hemolytic disorders of other or unknown pathogeneses 
l. Protozoal infections 

a, Cytauxzmnj feiis 

(1) The pathogenesis of the anemia is not well understood. In most cases, the 
chronic parasitic infection that damages the marrow, spleen, and liver con- 
tributes to a progressive non regenerative anemia. 

(2) Major laboratory findings: C. felis in erythrocytes; mild to occasionally severe 
anemia, typically non regenerative; moderate to marked hyperbilirubinemia 
(may be primarily Be because of hepatic damage and cholestasis) and biliru- 
bmuria; thrombocytopenia; rarely, large macrophages laden with schizonts are 
present in the blood film; other hematologic and clinical chemistry abnormal- 
ities due to hepatic, splenic, lymph node, and marrow damage associated with 
the schizont stage of the parasitic infection 

b. Babesia spp. 

(1) Species, host (expected number of pirn plasms per erythrocyte): B . bigfmina t 
cattle (l or 2): B. caballi, horse (2 or 4), ft. tqui. horse (1 or 2); ft canit, dog 
(! , 2, 4 or 8), ft gibsoni, dog ( l or 2); there is another small canine Babesia 
that has not been named.* 7 

(2) Sizes; ft tqui, ft gibsemi, and other small Babesia spp. < 2 pm: others 2-4 pm 
in length 
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(3) Parasitemia: difficult to find organisms in chronic forms of disease; more fre- 
quently found in capillary blood ear sticks, toenail clips* or in buffy coat 
preparations because specimen contains a higher percentage of large try- 
thro eyres 

(4) Pathogenesis of hemolysis is nor well understood but may involve proteases 
produced by the invading parasite, an immune reaction to parasitized cells, or 
oxidative damage to erythrocytes. 

(5) Major laboratory findings 

(a) Chronic form: few to rare organisms in blood; mild anemia; mild lym- 
phocytosis (due to chronic antigenic stimulus); seropositive to Babtsm 

... . ^ 

(b) In acute or subacute forms: many piroplasms in blood; moderate to 
severe anemia; reticulocytes Is, polychromasia* macrocytosis; hyperbiliru- 
binemia* bilirubinuria and possibly hemoglobinuria 

c. TbeiUria spp. 

(1) Erythrocyte piroplasms are intracellular and highly pleomorphic depending 
on species and stage of parasitemia; many forms resemble Cytauxzoon but 
others resemble small babesial piroplasms. 

(2) In i he United States (Missouri, Texas North Carolina), bovine cases have 

been caused by 77 Numerous piroplasms were present in clinically 

ill cows; piroplasms were rare in subdinlcal cases. Pathogenesis of the anemia 
is nor established and may include both decreased erythrocyte production 
and decreased erythrocyte life span (either immunologic or oxidative dam- 
age). Major laboratory findings: piroplasms in erythrocytes; acamhocytosis 
and spherocytosis in one cow; microcytosis, polych romasia, and basophilic 
stippling; lymphocytosis; hyperbilirubinemia and bilirubinuria. 

(3) In other countries, many Thtiltria spp. are recognized as causing hemolytic 
anemias in cattle and other ungulates. Erythrocytic piroplasms arc the major 
pathogenic forms in 77 mutant 77 tmentaiis, and 77 strgmti. The major patho- 
genic stage of 77 parva is in the intralymphocydc schizont, whereas erythro- 
cytic and lymphocytic forms are considered important for 77 annulate™ 1 

d. - Trypanosoma spp. (see Plate 3, IE) 

(1) Trypanosoma spp. are flagellated protozoa that occur as free- living rrypo- 
mastigot.es in blood and as amasrigores in pseudocysts or macrophages in 
other tissues- The pathogenicity of the parasitic species varies and there is 
minimal host specificity. 1 ^ 

(2) In the United States, 77 theiUri (previously called 77 amtricanum) is found in 
cattle and typically Is not considered a pathogen. There are reports of finding 
it in Kansas, Wyoming, Oklahoma. Louisiana. Missouri, Illinois, 
Pennsylvania* and New York. It is also found in other countries. 

(3) 27 cruzi inkers dogs and cats in South and Central America and in southern 
United States of America. Trypotnastigotes are found in blood in the acute 
stages but most lesions are in nonhemic tissues (heart* brain, and lymph 
node) and hemolytic anemia, is not a feature of the disorder* 9 '* 77 cruzi causes 
Chagas disease in people. 

(4) Major African trypanosomes of veterinary significance are 77 iong&ieme, 77 
vivdx> 77 bruceu and 77 timid*. A subspecies of 77 brucci causes African sleep- 
ing sickness In people. 
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(a) In the acute stages of T. vhm infections in cattle, the animals may have 
an acute hemolytic anemia* leukopenia, and thrombocytopenia. 
Phagocytosis of hemic precursors and platelets is a prominent finding 
in marrow and thus ineffective hematopoiesis contributes to the pancy- 
topenia. 1 * 4 

(b) T. congplense infections in cattle and sheep have resulted in the coating of 
erythrocytes and leukocytes with trypanosomal antigen-antibody com- 
plexes. 9 **' 

2, Heparin -induced hemolysis 

a* Heparin anticoagulant therapy in some horses can cause erythrocyte agglutina- 
tion, mild to moderate anemia, and increased biliary bilirubin excretion* 
Pathogenesis of the decreased Her value is not established. 

(1) In vivo erythrocyte agglutination appears to cause trapping and destruction of 
erythrocytes,' 1 '' 

(2) When determined by Coulter cell counters, in vitro erythrocyte agglutination 
can cause erroneously low [RBC] and erroneously high MCV values because 
a group of agglutinated cells is considered, one large cell (particle). Therefore* 
the falsely decreased measured JRBC] can produce a falsely low calculated 
Hct. The effects of heparin can be inhibited and reversed in vitro by trypsin. 98 

(3) When analyzed by the ( lell-Dyn, the group of agglutinated cells is also recog- 
nized as one large cell during impedance counting. However* if the volumes 
of the “large cells" are outside the expected distribution curve, they are 
excluded from the data used for MCV determination. Thus, the derived 
MCV may be nearly correct but the (RBC] will be falsely decreased because 
many cells were within the “large cells.” Accordingly, the calculated Hct will 
be falsely decreased and the MCHC and MCH will be falsely increased. 

b. Major laboratory' findings. In experimental stadia;, spun Hct (microhemarocrtt) 
decreased from near 30% to near 20% within 6—8 hr after heparin treatment and 
then returned to baseline values by 4-5 days. Bilirubin concentrations increased 
from near 0.6 mg/dL to 3 A mg/dL within 24 hr of heparin treatment."" 

3. Hypoosmolar hemolysis 

a. Rapid infusion of hypotonic fluid intravenously (such as sterile H 2 0) or the 
Ingestion of large quantities of water by calves can cause rapid intravascular 
hemolysis. 

b. Pathogenesis of the anemia: Infusion of a hypotonic solution or absorption of 
large quantities of water creates hypoosmolar plasma. Rapid movement of H 2 0 
into erythrocytes via osmosis causes erythrocyte swelling and lysis. 

c. Major laboratory findings; Severity of anemia, hempglobmemia. and hemoglobin- 
uria depend on the severity of the hypoosmolar state, 

4.. Envenomation 

a. Venoms from some animals (c + g., snakes, spiders* insects) cause hemolysis. 
Mechanisms include complement activation, with subsequent destruction (e,g., 
cobra venom factor) and direct hemolysis from, hemolysins (including phospholi- 
pase A2 in rattlesnake venom), 14 

b. Spherocytic hemolytic anemias may occur after bee stings. The hemolysis may be 
due to hemolysins present in the venom: phospholipase A2 and melitiiru The 
spherocytosis may be related to altered membrane structure or antibody- mediated 
changes. 20,2 ] 
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5, Histiocytic neoplasia: When anemia accompanies malignant histiocytosis, exrr avascu- 
lar hemolysis by neoplastic cells is one contributing factor to an animals anemia. 

6. idiopathic nonspherocytic hemolytic disorders with increased osmotic fragility 

a. Hereditary nonspherocytic hemolytic anemia in beagles 

(1) Affected beagles had mild chronic anemia {Hct values of 30%-39%, persist- 
ent reticulocvtosis, splenomegaly, erythroid hyperplasia in marrow samples, 
shortened erythrocyte life spans, and increased osmotic fragility. 

(2) Studies suggest that the defect is an autosomal recessive trait, but the specific 
defect has not been established. 

b. Idiopathic hemolytic anemia of Abyssinian and Somali cats 5111 

(1) IS cats (13 Abyssinian and 5 Somali, male and female) had macrocytic, 
regenerative anemias (Hct values of 5%-25%), splenomegaly, and increased 
etythrocyte osmotic fragility, 

(2) Studies suggest that the defect is an autosomal recessive trait, but the specific 
defect has not been established. 

E KYT H ROCYTOS IS AMD POLYCYTHEMIA 

I , ' Terms and concepts 

A. Erythrocytosis: increased JRBCJ in peripheral blood; detected by finding an increased Hct, 
increased [RBC], or increased blood [Hgb] 

B. Hemaemcentmtion: increased concentration of blood components (including erythro- 
cytes) because of decreased plasma volume 

C. Polycythemia 

1. Polycythemia vem {polycythemia rubra vera ) is a clonal myeloproliferative disorder 
characterized by neoplastic proliferation of all marrow cell precursors causing erythro- 
cytosis, leukocytosis, and thrombocytosis. In this context, polycythemia means many 
{poly-) cells {cyth-) in blood (-emia). 

2. In common use, polycythemia may refer to an erythrocytosis or increased total ery- 
throcyte mass (i,c., an increased number of cells in the crythron due to cither cry- 
throid hyperplasia or erythroid neoplasia). However, there may or may not be a 
leukocytosis or thrombocytosis. Such use leads to confusion and misunderstandings. 
In this context* there are two types of polycythemia. 

a. Relative polycythemia: Erythrocytosis occurs because of hemoconcentraiion or 
splenic contraction; also called pseudopulycythemia or spurious polycythemia to 
emphasize (hat the state is not: due to increased erythrocyte mass. 

b. Absolute or true polycythemia: Erythrocytosis occurs because of increased ery- 
throcyte mass and there is concurrent erythrocytosis; polycythemia vera is one 
form of this type but also includes secondary eryihrocytotic disorders, 

3* In this textbook* erythrocytosis and polycythemia will not be considered synonyms. 
Erythrocytosis is an increased [RBC] in blood, just as a leukocytosis is an increased 
fWBCJ in blood. Polycythemia will be used only in the context of the neoplastic 
state of polycythemia vera, 

D. Extreme erythrocytosis may cause sludging of blood and thus impaired blood flow' and 
poor oxygenation of tissues. Related clinical signs may include purplish mucous mem- 
branes, congested retinal blood vessels, and seizures. 

[I. Eryihrocytotic disorders and conditions ( Table 4,12) (Fig, 4.1 1) 

A. H cm ocon een i ra cion 
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Table 4 * 12 * Disorders and conditions that cause erythrocytes is 

Hemoco ncentrati cm 
“Dehydration 
Endoioxic shock. 

■'Splenic contraction 

Secondary appropriate erythrocytotic disorders 
Right to left shunts, congenital or acquired 
Chronic pulmonary disease 
Hyperthyroidism 

Secondary inappropriate erythrocytotic disorders 
Renal neoplasms, cysts, or diseases 
Other neoplasms (hepatoma) 

Primary erythrocytotic disorders 
Primary erythrocytosis 
Polycythemia vera 

Notr: Animals thai live ai higher ah it tides or perhaps have been physically trained (c.g., racing anb 
mals) have increased need for hemoglobin to transport O, to t issues and ihw produce more erythro- 
cytes, In addition, certain breeds of dogs (greyhound, Afghan hound, saluki, and whippet) and horses 
(thoroughbred, Etandardbned, and quarter horse) have greater erythrocyte concentrations than other 
breeds, of dogs and horse's, 
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Hemooonc«iTtmtion 
* Dehydration 
■ Endotatxic shock. 

Primary ©rytfrrocytosis 

* Erythroid neoplasia 

* ftilycyth&mia vera 


t Hot. t [Hgb], Or t (RBC) 
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Increased Mai Physiologic erythrocytes is 

erythrocyte mass * Splenic contraction 


Secondary erythnocytoses 
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Secondary appropriate 
erythrocytosis 

(hypoxic erythrocytosisj 

* Cardiac failure 

* Respiratory disease 
» Hyperthyroidism 


Secondary inappropriate 
srytbrooy tests 

* Renal neoplasms 

* Non-nenal neoplasms 


Fig*. 4.11* Ejythroqioiis categories. 

After tiythrocytosis has been detected nr confirmed, the animal is examined for evidence of the most Com- 
mon causes: hemoconcen [ration or splenic contraction. If not found, then diagnostic plans are formulated to 
pursue identification of secondary or primary erythrocytotic disorders. 


1, Dehydration 

a. Most common cause of erythrocytosis in mammals; occurs as a ini Id to moderate 
erythrocyiosis of no direct pathologic significance 

b. Eiyrhrocyiosis is present but it is not due to an increased number of erythroid 
cells in the body. 
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c, Pathogenesis of the erythrocytosis of hemoconcentration (Fig. 4.12) 
d* Laboratory findings that support a conclusion that erythrocytosis is due to dehy- 
dration 

(1) Hyperproceinemia; may be a concurrent hyperalbum inemnt 

(2) Hypernatremia and hyperchloremia if it is a hypertonic dehydration floss of 
hypotome fluid) 

2. Endotoxic shock 

a. Some animals with endotoxemia may become hemoconcent rated because of the 
shift of H : 0 from intravascular to extravascular space, 
b* Pathogenesis of the erythrocytosis; Endotoxins damage endothelial cells so that 
blood vessels become more permeable to H .0, The increased permeability allows 
ECF water to shift from intravascular space to extra vascular space,, thus causing a 
decrease in plasma volume and an erythrocytosis. 
c. Laboratory findings that support endow* ic shock 

(1) Mild to moderate cry thiocytosisi no direct pathologic significance 

(2) Inflammatory lcukogram (either neutropenia or neutrophilia) 

(3) Thrombnacy copen ia 

B. Splenic contraction [Fig. 4.12) 

1. This state is called physiologic erythrocytosis because it results from normal physio- 
logic responses to excitement, fright, and exercise that cause the release of epi neph- 
rine from adrenal medulla, 

2 * This crythrocytosis is more common in dogs and horses because of the large number 
and high concentration of erythrocytes in equine and canine splenic blood.. After epi- 
nephrine injections in cats* Her values were about 25% higher than pre-injection Hct 
values* 1 ® 3 

3. Erythrocytosis is not due to an increased number of erythroid cells in the body, but 
there is an increased erythrocyte number and concentration in the peripheral blood* 

4. Laboratory findings 

a. Mild to moderate erythrocytosis; no direct pathologic significance 

b. Transient erythrocytosis; Hct returns to WRJ after stimulus is removed* 

c. May see a physiologic leukocytosis (mature neutrophilia and lymphocytosis)* 

C. Secondary appropriate erythrocytotic disorders (sustained hypoxic erythrocytosis) (Fig. 
4.12) 

I* This state is called secondary because erythroid cell proliferation is stimulated by Epo 
rather than being autonomous; it is called appropriate because the increased Epo is 
due to renal (usually systemic) hypoxia rather than being autonomous, 

2. Erythrocytosis and erythroid hyperplasia are due to increased production stimulated 
by E po , 

3. Disorders that cause hypoxic erythrocytosis 

a. Cardiac disease that leads to persistent poor perfusion of lungs (e.g„ congenital 
right to left shunt) 

b. Pulmonary disorders that cause persistent poor oxygenation of blood 

c. Hyperthyroidism that results in increased metabolic race and thus increased need 
for O . in tissues. In one study about 45% of 131 hyperthyroid cats had an ery- 
thrucytosis (Her values from 38% to 57%). 103 

d* In theory, a defective Hgb molecule that has decreased ability to transport or 
release 0 2 could cause an erythrocytosis. Acquired disorders (such as cyanide 'poi- 
soning. carbon monoxide poisoning, nitrate poisoning) are typically acute disor- 
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Healthy animal 


Marrow 





Primary erythrocytQsis 


Fi S- 4 .12. Pathogeneses of the eryrhrocyroses. 

* Erythrocytosis ot hcmoconcentration: Dehydration (decreased total body HjO) results in a decreased ECF 
volume and thus a decreased plasma volume. With a decreased plasma volume but no change in number of 
blood erythrocytes, the erythrocyte concentration is increased. Loss ol plasma 11,0 because of increased 
vascular permeability in endotoxic shock also causes an erythrocytosis via hemocon cent ration. 

* Erythrocytosis due to splenic contraction: Fight-or-fligjit response or exercise causes the release of epineph- 
rine. Epinephrine causes the contraction of splenic smooth muscle and thus the release of splenic blood to 
peripheral blood vessels. Splenic blood with a high Ha (7Q%— 80%) is mixed with peripheral blood (Hct = 
40%— 50%) and results in erythrocytosis, 

* Secondary erythrocytosis: Increased Epo activity' stimulates erythropoieds to cause ervrhroid hyperplasia arid 
erythrocytosis. Increased Epo production may be appropriate (if stimulated by tissue [renal] hypoxia) or 
inappropriate (it not stimulated by tissue hypoxia). Several disease states can cause secondary eiythrocytnsLs 
(sec texr). 

* Primary' eryrhrocytosis: A neoplastic proliferation of erythroid cells results in erythrocytosis. If there is a 
concurrent neophsric proliferation ofleukoeyres. and megakaryocytes, then polycythemia vera is present. 
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dcrs and. thus of insufficient durat ion to produce increased Hct. Hereditary disor- 
ders (hemoglobinopathies) are not documented in domestic animals, 

4, Physiologic processes 

a. Mammals that move to high altitudes develop tissue hypoxia. This stimulates Epo 
production and erythropoiesis, resulting in erythroid hyperplasia and erythrocyto* 
sis that resolves the tissue hypoxia. Mammals that live at high altitudes have per- 
sistently higher Hct values than mammals that live ar sea level, but without tissue 
hypoxia or pathologic consequence. Such animals really do not have erythracy- 
mses; rather, reference imervals for high aid aides are greater than those for low 
altitudes. 

b. Prolonged exercise training in horses has produced differing results. In some stud- 
ies, the trained horses had higher Hct values but in other studies, they did not. 
Increased oxygen demand during training might provide the stimulus for erythro- 
poiesis, but other mechanisms may contribute. ' !J4,1OT 

c. Some breeds have greater erythrocyte concentrations than others. 

(1) Horses in thorough bred, standardbred, and quarter horse breeds have greater 
Hct values than draft horse breeds, 

(2) Dogs in greyhound, Afghan hound, saluki, and whippet breeds have greater 
Hct values than dogs of other breeds. Their Hct values average in the high 
30s to low 60s, 106 whereas most dog breeds have average Hct values in the 
40s in health. 

3, Pathogenesis’ Hypoxemia or increased tissue (>• consumption (hyperthyroidism) 
cause sustained tissue (renal) hypoxia which leads to increased Epo production, 
increased erythropoiesis via erythroid hyperplasia, and, with time, eiythrocyrosis. 

6, Clinical data that would support secondary appropriate erythrocyiosis 

a. Clinical history or evidence of a right to left shunt, chronic pulmonary disease, or 
hyperthyroidism 

b. Decreased P/j, (strongly if < 70 mmHg lfl? or < 60 mmHg 14 *) 

c. Hemoglobinopathy (rare) 

D, Secondary inappropriate crythrocytotfc disorders (Fig, 4.12) 

L This state is called secondary because erythroid cell proliferation ls stimulated by Epo 
rather than being autonomous; it is called inappropriate because the increased Epo 
production is autonomous rather than being due to systemic hypoxia, 

2,. The state can result in mild to marked erythrocyiosis and erythroid hyperplasia; 
marked erythrocytosis may cause sluggish blood that leads to poor tissue perfusion, 

3* Pathologic causes {both rare or rarely recognized) 

a. Inappropriate Epo production by renal tissue due to renal cysts, renal neoplasms, 
and rarelv other renal disease 

•f 

b. Inappropriate Epo production by other benign or malignant neoplasms (c.g., 
hepatoma, hepatoblastoma) 

4. Clinical data that would support the conclusion that a persistent eryihrocytosis is sec- 
ondary and inappropriate 

a. Finding the known associated pathologic disorders 

b. Serum total protein concentration and P^O, are WRI. 

E. Pri rnary eryih rocytot ic d iso rders (Fig. 4.12) 

1. This state is called “primary* because erythroid cell proliferation is autonomous 
rather than secondary to Epo; it results in mild to marked erythrocyiosis that may 
result in poor tissue perfusion and therefore secondarily increased Epo production. 
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2, Disorders 

a. Primary eryihrocytosis: neoplasia ofierythroid cell line resulting, in an increased 
total number of mature erythrocyte* in t he body and blood. This disorder may be 
an rally form of polycythemia vera. 

b. Polycythemia vera: neoplasia of erythroid, myeloid, and megakaryocytic cell lines 

3. Information that would support these disorders 
a. Absence of other causes of eryihrocytosis 

b« Wish polycythemia vera, bone marrow with too many erythroid cell, myeloid cell, 
and megakaryocyte precursors 

c. Theoretically blood jEpo] would not be increased with primary crythrocyiosis 
and it would be increased with secondary eryihrocytosis; however, blood |Epo] 
may be increased because of hypoxia induced by primary eryihrocytosis, and 
[EpoJ may not be increased with secondary erythrocyrosis if erythrotytosis has 
resolved tissue hypoxia such that here is little or no stimulus for increased Epo 
production at the time of testing. 

OTHER ERYTHROCYTE DISORDERS 

I, Cyiochrome-b § reductase (Cb^R) (NADH-methemoglobin reductase) deficiency "" 

A. Cb^R catalyses the primary reaction involved in the conversion of Hgb-Fc 1 ' to Hgb; it 
uses FAD as a cofactor, 

B. Hereditary disorder in man; genetics not known for dog and cats {reported in purebred 
and mongrel dogs) 

C Classic features 

1 . Young and old dogs with clinical signs of hypoxia due to poor O, -carrying capacity 
of methemoglobin 

2. Methemoglobinemia (dark to chocolate blood) and usually Heinz bodies present 

3. No anemia or mild anemia; may be a compensatory reuculocytosis 

IT, Hereditary stomatocyrosis 

A, Hereditary disorder in Alaska n mala mute dogs with short -limb dwarfism (specific ery- 
throcyte defect not known, probably erythrocyte membrane defect); also reported in 
schnauzers and Dremse parhjshond” 

B. Classic features 

1 , Mild anem ia w i t h m i Id to m oderate ret i cul ncyros is 

2, Stomatocytosis (mild to moderate) 

3, Shortened erythrocyte life span 

III, Hered itary elliptocyrosis of dogs 1 19 

A, Deficiency of an erythrocyte membrane protein (band 4.1) that is needed ro stabilize the 
cytDskeleton of the erythrocyte membrane 

B. Classic features 

1, Elliprocytosis: many erythrocytes involved 

2, Slight anemia but with moderate retkulocyrosis (largely compensated) 

3, In cases reported so far, almost an incidental finding 

IV. Megaloblastic anemia 

A, A megaloblastic anemia has the concurrent findings- of anemia and megaloblastic ery- 
throid precursors in bone marrow or blood. 
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B. Megaloblastic erythroid precursor* form because of asynchronous maturation of nucleus 
and cytoplasm (see Plate 3 JO. Nuclear maturation is arrested, so nuclei arc large with 
exaggerated euch to matin regions [hat persist to late rubricyie stages; cytoplasmic matura- 
tion is relatively more complete, so Hgb is apparent in cells with relatively immature 
nuclei. The cells have relatively abundant cytoplasm and thus are larger than would be 
expected for the maturity of the nucleus. 

C. Causes 

1. Exact defect is rarely documented. It may be the result of neoplastic transformation 
of erythrocyte precursors, defective nucleic add metabolism caused by folate or vita- 
min Bjj deficiency, or defective metabolism. 

2. In eats, there is a high dinted association with FeLV infections (especially subtype Q. 

D. Frequently, cats with this disorder have a non regenerative, macrocytic normochromic 
anemia (mild to marked severity). 

1 . Non regenerative due to defective and reduced erythrocyte production 

2. Macrocytic because megaloblastic metarubricytes become macrocytes (diameters of 
individual erythrocytes may be 1 .3 to 2 times those of healthy cats). 

3. Bone marrow findings in cats 

a. Erythroid cell numbers: variable, increased to decreased 

b. Erythroid cells frequent megaloblastic rubricytes and/or megaloblastic merarubricytes 
c Granulocytic cells: occasionally hyperstgmented neutrophils 

E. Classification of megaloblastic disorders in cats 

a. . Erythroid dysplasia (MDS or MDS-Er): cat has macrocytic anemia and mega- 

loblastic cells in marrow and/or blood; may have concurrent neoplasia of non- 
erythroid cells. 

b. Erythroid neoplasia: Cat has M6 or MG-El 

LABORATORY METHODS TO ASSESS IRON (Fe) STATUS- 

Evaluation of an animals Fe status may be helpful to co pi firm an Fe-deficiem or an Fe-overload 
state. 

h Scrum IFc) 

A, An alyt Leal concepts 

1. Terms and units 

a. Because nearly all Fe in nonhemolyzed serum is bound to transferrin, serum (Fe] 
represents the amount of Fc bound to transferrin. Fe in ferritin may contribute 
significantly to serum [Fe] if there is marked hyperfemtincmia. 

b. Unit conversion: pg/dL X 0.01791 pmol/gg X lOdL/L * pmol/L [SI unit, near- 
est 1 pmol/L) IN 

2. Sample 

a. Scrum is preferred. 

b, Serum IFe] is relatively stable if sample is refrigerated, frozen, or kepi at room 
temperatures fur a few hours. 

3. Common principle of serum Fe assays: Pc*" is liberated from transferrin in an. acidic 
environment and then is reduced to Fe 2 ' by ascorbic acid. Fe 2 * reacts with a dye or 
other compound to form a colored complex that is detected by photometric 
methods. 

B, Hyperlerremk (increased [Fe] in blood) (Table 4.13) 

1. Excess Fe intake 

a. Iatrogenic 
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Table 4.13 Disorders and conditions that cause hyperferrernia 

Fe overload due to excess intake 

Iatrogenic: excess Fe injections or oral he mutinies 
Genetic defect in regulation of Fe absorption 
Release of Fe from tissues 
Hepaiocyce damage 
Hemolysis 

Increased glucocorticoid hormones: iatrogenic or endogenous (h.orscs f dogs) 

Note: Can be falsely increased with hyperferriiinemia or in mm hemolysis {see text). 

(1) Excess ingestion of a hemaiinic in calves 119 and ingestion of a digestive inocu- 
late (Prima paste) in foals 11 * has produced Fe toxicosis. 

(2) Fe injections may be given inappropriately to animals suspected of being Fe- 
deficient, especially to racehorses. 1 1 If Fe cannot, be excreted fast enough by 
urine and feces, byperferremia will develop, 

b. Hereditary hemochromatosis was reported in catt le of the Salcrs breed, 1 141 In peo- 
ple. primary hemochromatosis occurs because intestinal absorption of Fe is not 
appropriately regulated .. 

2, Increased glucocorticoid hormones: Hyperferremia occurs after administration of 
dexamethasone in. horses (doubling within 2-3 days) 119 and in dogs 2 , but hypofer- 
remit occurred in cattle. The reasons for changes in [Fe] are not known. 

3. Release of Fe from tissues 

a, Hepatocytcs typically contain Fe-rich ferritin. When hepatocyte damage occurs, 
the released Fe may result in increased serum fFe], 

b. Intravascular and excravascuhr hemolytic states are associated with increased 
serum [Fe] because erythrocyte lysis leads to an increase in available Fe that is 
transported through the plasma for reutilization or storage, 

4, False increases 

a* The Fc in free Hgb has very little influence on serum [Fe] because it is not 
released for detection by most assay methods, 
b. Fe liberated from ferritin can cause increased serum [ FeJ when determined by 
some Fe assays. The amount of increase is minimal unless serum ferritin concen- 
trations ate greatly increased. Iy) 

5. Neonatal foals had serum [Fe] values > 400 pg/dL but the [Fe] decreased ro adult val- 
ues by 3 days of age 3 

C Hypoferremia (Table 4,14) 

Table 4J4, Disorders and conditions that cause hypo ferremia 

Fe deficiency 

"Increased Fe loss: chronic external blood loss 
Decreased Fe intake or intestinal absorption 
Shift of Fe to storage sites 
"Acute inflammation 
“Chronic inflammation 
Other or unknown mechanisms 
Dexamethasone injections in cattle 
Portosystemic shunts in dogs 
Young animals (foals, kittens, calves) 
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t. Increased Fe loss: chronic external blood loss 

a. Because each milliliter of blood contains about 1 mg of Fe, blood loss results In a 
loss of Fe from the body. Hypoferremia may develop when Fe stores become 
depleted from chronic blood loss. 

h- Causes of blond loss that result 111 Fe deficiency include intestinal parasitism 
(hookworms and whipworms in dogs) » fleas and ticks (dogs, cats, calves), chronic 
gastrointestinal hemorrhage due to neoplasia, ulcers, or other lesions, and. exces- 
sive donation of blood. 

c* Acute blood loss is not expected to cause hypoferremia because Fe is mobilized 
from storage sites and carried in the plasma by transferrin, 

2. Shift of Fe to storage sites 

a. In inflammatory diseases, serum fFei is decreased because of die sequestration of 
Fe in macrophages of liver, spleen, or marrow. IL-l is involved in the altered Fe 
kinetics. 

b. The altered Fe kinetics in inflammation that results in hypoferremia has been 
called a pseudo-Fe deficiency. ’ 31 In this condition, blood may be Fe-deficient but 
the body is not. 

3. Decreased Fe intake or intestinal absorption 

a. Veal: calves are purposely fed an Fe-deficient diet that can produce Fe deficiency. 

b. Extensive intestinal mucosal disease that leads to impaired absorption of Fe will 
contribute to an Fc-dcficient state, 

4. Glucocorticoids in cattle caused a hypoferremia (from about 140 pg/dL to 50 pg/dL) 

within one day after dexamethasone (2 mg) was given intravenously , 1 11 

5. Portosystemic shunts in dogs 

a. Dogs with congenital portosystemic shunts may have a microcytic anemia and 
some may have a concurrent hypoferremia. 113 In experimental studies, the serum 
IFej did decrease in a group of 16 surgically induced portosystemic shunts (from 
a mean of 129 pg/dL to a mean of 92 pg/dL), but the individual serum [Fe] 
remained WRL 1 - 4 

b. The pathogenesis ol the hypoferremia is not established, but data support the 
concept of defective transport of Fe because ol decreased production of transferrin 
by hepatucytcs, 12 * 

6. Young animals 

a. Seventy percent of the 2- to 4- week-old kittens in a sped tic-pathogen- free colony 
had hypoferremij (relative to adult values) and the hypoferremia was associated 
with microcytosis.' This suggests a transient Fe-deficient state during early 
growth. 

b. In 18 dairy calves (< 3 days old), serum [Fe] values were lower in calves with Hct 
values < 25% than those with Hct values > 25%, Only the most severely anemic 
calf (Hct sr 9%) had clinical signs of anemia. The cause of the apparent congeni- 
tal hypoferremia and Fe-defietem state was not determined, 

c. Relative to adult values, foals have a peak microcytosis between 3 and 5 months 
of age; 1 However, their serum [Fe] values were equal to or greater than values 
found in healthy adult horses.* 


T1BC and UIBC 
A. Analytical concepts 
1 , Terms and units 
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a. TIBC, a measure of plasma capacity to carry Fe, is [lie maximum concentration 
of Fe chat cam he bound by plasma or serum proteins. Because most plasma Fe is 
in transferrin, serum f FeJ is dependent on and correlates with the transferrin con- 
centration in serum. 

b. A transferrin molecule can contain two Fe 3, ions* but, in health, Fe 3 * occupies 
only about a third of all plasma or serum transferrin Fe-binding sites, UIBC t a 
measure of the total unused (open) Fe- binding sites on transferrin, is the [Fe; that 
could be protein-bound in the sample in addition to the [Fe] already present, 

c. Unit conversion: pg/dL X 0.01791 pmol/pg X lOdUL r pmol/L (SI unit, near- 
est I pmol/L) 1 ** 

2- Sample 

a. Serum is preferred. 

b. Serum [T1BC] is stable for a few days if the sample is refrigerated or kepi at room 
temperatures, and it is stable for months it frozen. 

3. Principles of serum TJBC and UiBC assays 

a. Transferrin concentrations can be measured directly* but this rarely is done in vet- 
erinary medicine, 
bn Typical method 

(1) Excess Fe derate is added io serum io saturate all Fe-binding sites and then 
the bound- Fe and free-Fc fractions are separated by chemical methods. The 
Fe 3 * in the saturated transferrin molecules reacts with a dye to determine the 
bound [Fe], which represents the T1BC. 

(2) The UIBC is calculated: UIBC = TJBC ~ serum [Fe]. 

B . I ncreased sent m TI B C val ues (Ta bit 4.15) 

1 . Fe deficiency 

a. People with an Fe deficiency may have an increased T1BC because of the 
increased production of transferrin to carry available Fe to cells. 

b. Fe-deficient dogs typically do nor have increased TJBC values. 12 '’ 

2. Young foals, especially near I month of age, have much greater ' FI BC values (> 600 
pg/dL) than neonates or adult horses. Colostrum is transferrin-rich but colostra! 
intake does not explain the entire increase in TIBC values during a foals first month 
of life. 

C Decreased serum TIBC values (Table 4 16) 

!. Decreased transferrin production 

Table 4.15 » Disorders and conditions that cause i ncreased TI BC 

increased transferrin production 
Fe deficiency: species variable 
Other or unknown mechanisms 

Young animals (foals) 


Table 4« 16, Disorders and conditions that cause decreased TIBC values 

Decreased transferrin production 
” Inflammation 
Hepatic insufficiency 

Increased transfetrin loss (p rotei n- losing neph ropath i es) 
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a. . Inflammation: 1 ransferrin is a negative acute phase protein (i.e., its production is 

decreased hv actions of inflammatory mediators such as IL-1), 

b. Hepatic insufficiency: Because transferrin is a fi-globulin produced by hepato- 
Cyies, liver disease that causes hypopraieinemia may cause hypot ransfemnem ia. 
Hypotransferrinemia may play a role in the microcytosis that develops in some 
animals with hepatic insufficiency; 

2, Increased transferrin loss: Severe glomerular lesions that result in a protein-losing 
nephropathy may result in a hypot ransferri nem ia, The M r of transferrin is only 
slightly greater than albumins. 

H J. Percent transferrin saturation (% saturation) 

A. Analytical concepts 

1. Percent transferrin saturation is a calculated value that estimates the percentage ot Pe- 
ls I riding sites on transferrin molecules chat are occupied by Fe, 

2. Percent transferrin saturation * (serum [Fe] X 100) — T1BC 

B. Because the % transferrin saturation is a calculated value, changes depend on changes in 
the serum ’Fe) and TIBC values. 

1. Greater % transferrin saturation values occur when serum [Fe] is increased, TIBC Is 
decreased* or both. 

2,. Lower % transferrin saturation values occur when serum j Fe] is decreased, TIBC is 
increased, or both. 

IV. h tamable Fe in macrophages of marrow, spleen, or liver 

A. In microscopic examinations of formalin-fixed tissue or air-dried cytologic prepara- 
tions, hemosiderin is seen as a yellow to brown granular or globular pigment in 
macrophages. 

B. When attempting to quantify the amount of Fe in storage (especially for Fe deficiency), 
an Fe-spccific stain (such as Prussian Blue) allows a more definitive assessment than do 
routine stains. However, the process is subjective and requires knowledge of how much 
Fc is expected in tissues of healthy animals. 

C. Hu,- marrow of healthy cats does not contain stain able Fe and thus feline marrow cannot 
be used to assess Fe stores. 

V. Setu m fe rri ri n concert t rati ons 

A. Analytical concepts 

t. Unit conversion: ng/niL X 1000 mUL X 1 pg/1000 ng = pg/L (SI unit, nearest 10 

pg/L) m 

2. Sample: Serum is preferred. Ferritin concent rations are reported to be stable for 7 
days at 2 "-8*0 6 months at>20°C. Repeated thawing and refreezing is not recom- 
mended. 

3. Principl es of serum ferritin assays: Species-specific immunoassays and other immuno- 
logic assays are used to measure ferritin in dogs, cats, and horses 3- ,2fi 

B . Hyperferri 1 i nem ia (Table 4,17) 

1 . Associated with increased total body Fe 

a. It neither inflammation nor hepatic disease is. present, serum or plasma ferritin 
concentrations are highly correlated with Fe storage in peopled 27 If Fe toxicity is 
present, the typical ferritin assay will measure tissue ferritin released from dam- 
aged cells and thus the amount of Fe storage will lie overestimated. 
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Table 4,17* Disordefs and conditions that came hyperferritincmia 

Associated with increased total body Fe 

Iatrogenic: excess Fe injections or oral he matin ios 
Genetic defect in regulation of Fe absorption 
Increased ferritin production 
"Inflammation 

Neoplasia: malignant histiocytosis 
Shift of ferritin from tissue to plasma 
Liver disease 

Hemolysis 

b. In a group of 95 dogs, there was a significant correlation between serum ferritin 
concentrations and non heme- iron content of liver and spleen, but none of the 
dogs had increased iron stores* 128 

2, Increased ferritin production 

a. Inflammation: Because apoferritin is a positive acute phase protein* cytokines 
(e.g., IL-1) stimulate hepatocytes to produce more ferritin. In people, the Fe satu- 
ration ot ferritin decreases with inflammation. 1 -" 

b< Neoplasia: Hy peiferri I i nemia has been considered a marker for several human, 
neoplasms and may be due to inflammation, accelerated erythrocyte turnover 
(hemolysis), or increased production by neoplastic cells. Hypcrfem t i nem ia has 
been associated with malignant histiocytosis in dogs and people* 

3. Shift ot ferritin from tissue to plasma 

a. Liver disease such as hepatitis and necrosis: Tissue ferritin is released from dam- 
aged hepatocytes and is measured by ferritin assays that do not selectively measure 
glycosylated (or plasma) ferritin. 1 17 Most clinical assays probably measure glycosy- 
lated and nonglycosyiated ferritin... 

b. Hemolytic diseases: Hyperfemri nemia may relate to underlying inflammation or 
to increased transport demands due to Fe recycling from lysed erythrocytes. 

C HypoferritinemU 

1 * Decreased Fe storage 

a. Serum or plasma fer rii in concentrations decrease as Fe storage decreases. 

b. In people, ferritin concentrations decrease early in Fe deficiency and before 
decreased [Hgb]» microcytosis, ot decreased serum |Fe] is detected. Once Fe stor- 
age is depleted, the decreased plasma ferritin concentrations remain relatively 
constant while hematologic evidence of the deficiency (anemia* microcytosis) 
develops. 1 ^ 

2. Because serum ferritin concentration may be the net result of opposing processes, an 

Fe-deficient animal with inflammatory disease may not be hypofcrririneinic. 

VI. Comparative Fe profile results 

A. Assessment of the Fe status of an animal is enhanced if the laboratory assays are grouped 
as a profile, 

B, As shown in ’["able 4, IB, the two major causes of hypoferremia can be differentiated by 
the assessment of iron storagefeither by stainablc .marrow or serum ferritin concentra- 
tions). However, the other conditions or disorders that can alter serum [Fe], TIBC, and 
iron storage need to he considered. 
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Table 4,18. Comparative Fe profile results 





Serum [Fe} 

Serum 

TIBC 

Stai liable Fe 
in marrow 41 

Scrum ferritin 
concentration 

Fe deficiency 

4 

wri-T 

4 

4. 

Inflammation 

i 

i 

t 

t 

Overload of Fe due to excess 

T 

WRI - T 

T 

T 

intake (diet or iatrogenic) 

I neneased gl ucoco rtl colds 

T 

> 

5 

? 

(except cattle) 

Hemolysis 

T 

T 

WRI 4 

t 

Young animats (compared 

•i (foals and kittens) 

T (foals) 

i 

1 

to mature) 

Hepatic insufficiency 

; 

i 

5 

t-6 

Protci n -lost ng nep K r opat hy 

? 

i 

5 

? 


* Marrow samples of healthy eats do not have stainabLe Fe. 

k Could be decreased because of decreased production; could be increased due to hepatocytc damage. 
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Tabic 5.1. Abbreviations and symbols in Chapter 5 


w 

symbol in rabies to indicate relatively common disease or condition 

M 

concert [ration ofx; x = analyte 

foxin 

inactive coagulation factors I through XIII (there is no ST); terminal M 
that the factor has been activated (e.g., Ha) 

ACT 

activated coagulation (cloning) time 

ADP 

adenosine diphosphate 

ATI 1 1 

anti thrombin III (antithrombin) 

ATP 

adenosine triphosphate 

BMBT 

buccal mucosal bleeding time 

BVD 

bovine virus diarrhea 

Ga 2 * 

calcium 

DDAVP 

1 -deamino- 8-D-argi nine vasopressin 

DIG 

disseminated intravascular coagulation 

DNA 

deoxyribonucleic acid 

ECF 

extracellular fluid 

EDTA 

why lenediam i n ctctraacctk acid 

E1A 

equine infectious anemia 

ELISA 

enzyme-linked immunosorbent assay 

EPI 

exocrine pancreatic insufficiency 

fCa 2+ 

free ionized calcium 

FDP 

fibrin or fibrinogen degradation products 

FeLV 

feline leukemia virus 

FIP 

feline infectious peritonitis 

F1V 

feline immunodeficiency virus 

GM-CSF 

granulocyte/ macrophage-colony stimulating factor 

GP 

glycoprotein 

GPIb 

glycoprotein lb 

Hct 

hematocrit 

HMWK 

high molecular weight kini nogen 

IgE 

immunoglobulin E 

I L-x 

interleukin (x for Arabic numbers) 

IIHA 

idiopathic immune hemolytic anemia 

IMT 

i m m tine-mediated th rombocytopen ia 

I NR 

international nornialized ratio 

[SI 

international, sensitivity index 

MPS 

mononuclear phagocyte system 

MPV 

mean platelet volume 

mRNA 

messenger ribonucleic acid 

PAF 

platelet activating factor 

PA1 

plasm ioogen activator inhibitor 

PCR 

polymerase chain reaction 

PDW 

platelet distribution width 

PF3 

platelet factor 3 

PGT 

prostacyclin 

PIVKA 

proteins induced by vitamin K antagonism or absence 

protein Ca 

activated protein C 


denotes 
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PR 

prekalhkrcin 

PSAIg 

p lateler s u rface-assoc iatecl t mm unoglobu 1 i n 

PT 

prothrombin time 

PTT 

activated partial thromboplastin time 

QBC 

quantitative huffy coat 

RMSF 

Rocky mountain spotted fever 

RVVT 

Russell viper venom time 

SI 

Systeme International d' Unites 

SLE 

systemic lupus eryrhematosis 

TAT 

thrombin-an ti th rombin co mplexes 

TF 

tissue factor 

TFPI 

tissue factor pathway inhibitor 

t“PA 

tissue-type plasminogen activator 

TT 

thrombin time 

TT , 

modified TT for [fibrinogen] 

TxA 2 

thromboxane 

vWD 

von Willebrand disease 

vWf 

von Willebrand factor 

vWEAg 

von Willebrand factor as detected antigenically 

WBCT 

whole blood dotting time 

WRI 

within reference interval 


HEMOSTASIS 

L Hemostasis is the arrest of bleeding or the interruption of blood flow through a vessel. The 
term hemostasis is also used more generally to refer to the intricate and balanced physiologic 
processes that maintain blood in a freely flowing state but allow the rapid formation of local- 
ized solid plugs to seal minted vessels. Normal hemostasis depends on the complex, interac- 
tions of platelets, coagulation factors, fibrinolytic factors* and blood vessels {fig, 5.1). 

II. Abnormal hemostasis may result in hemorrhage or thrombosis. Laboratory testing of the 
individual components of the hemostatic system may be used to discover, explain, monitor, 
or prognosticate these pathologic states* 

P LATELETS (TH ROM BOG YTES ) 

]. Physiologic processes 

A. Platelets are produced from megakaryocytes (mega = large, karyon = nucleus, cyte - cell) 
that are derived from p I uri potent hematopoietic stem cells (see Fig, 3.1). 

1, Megaka ryocy toptnesis, the proliferation and maturation of megakaryocytes, occurs in 
hematopoietic tissue, mostly bone marrow. Resident myeloid progenitor cells respond 
to cytokines, primarily thrombopoirrin, by undergoing proliferation and 
maturation, 3 Limited baseline megakaryocyte production occurs in the absence of 
thrombopoietin.- 

2* Thrombopoiesis, the formation of platelets from megakaryocytes and their delivery to 
the circulation, is also primarily mediated by ihrombopaietind but baseline platelet 
production can occur in the absence of rhrombopoieiind Thrombopoiesis occurs in 
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Blood 




Blood vessels 1 


-> hemostatic. += 
plug 

* 


Fibrinolysis 


l Coagulation 


Normal hemostasis is maintained by the numerous and complex interactions of blood vessels* 

platelets, coagulation pathways* and the fibrinolytic system. When blood vessel damage occurs: 

• Vasoconstriction reduces blood loss, and activated endothelial cells express both prothrombdtic functions to 
limit bleeding and antithrombotic functions to limit dotting. 

• Platelets adhere to exposed subendothelium, spread to patch the defect, release products that activate other 
platelets* and aggregate together to form a primary hemostatic plug. Their secretory products also help 
maintain vasoconsTriciiom and their membranes are an important source of phospholipid to accelerate 
coagulation. 

• The intrinsic and extrinsic coagulation pathways are activated, leading to the production of thrombin and 
subsequent conversion of fibrinogen to fibrin within the primary hemostatic plug. This forms a stable sec- 
ondary hemostatic plug that controls bleeding. Thrombin also activates platelets and endothelial cells, 

• When coagulation pathways are activated* so is fibrinolysis. Fibrinolysis helps control the extent of coagula- 
tion by breaking down fibrin, thus contributing to the formation of an appropriate secondary hemostatic 
plug and promoting eventual removal of the plug to maintain normal blood flow. 

• Abnormalities of any component of this system can upset the balance and lead to either hemorrhage or 
thrombosis. 


the bone marrow and at other sites of hematopoiesis, it also occurs in the lungs, 
where megakaryocytes lodge after circulating from the bone marrow (see Plate 4A). S 
Platelets form from laie-siage megakaryocytes. They appear to shed directly into the 
blood by cytoplasmic fragmentation or by the periodic constrict ion of megakaryocyi- 
ic cytoplasmic pseudopodia that extend into vascular spaces, 

3, The sites of thrombopoietin production during health and disease are not completely 
dear, but mRNA for thrombopoietin is expressed in several tissues, including hepato- 
cytes, renal tubular epithelium, and stromal cells of the bone marrow. 1 There is evi- 
dence that production rates are relatively constant and that plasma thrombopoietin is 
cleared by platelets' 4 and! megakaryocytes s after it binds to their membrane receptors. 
Platelet and megakaryocyte masses therefore seem to control plasma thrombopoietin 
concentrations* With decreased platelet mass* more thrombopoietin remains 
unbound and is available to stimulate megakaryocytes. As the platelet concentration 
increases, more thrombopoietin is bound and removed from circulation so there is 
less stimulation of megakaryocytes or other stem cells. Activated platelets may release 
intact thrombopoietin in vivo, thus increasing blood concentrations during platelet 
co nsumptive states. 6 
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Fig* 5.2. Blood platelet concentrations arc established, by the relative rates of platelet production consump- 
tion and destruction and by the shifting of platelets to and from the circulation. (MO * macrophage) 

* Pr&duCtiQn; Most itiegdtaiyocytopo its is and thrombopoicsis occur in the bone marrow, and new platelets 
enter systemic circulation via marrow sinusoids. Some megakaryocytes appear to become lodged in the 
lungs after release from the bone marrow. These megakaryocytes release platelets into the blood, but the 
overall importance of this process is not known. Platelets produced by splenic hematopoietic tissue may 
contribute to the circulating platelet mass in health and disease. Hematopoietic foci may also arise in the 
liver and contribute to the circulating platelet mass. 

* Consumption: Platelets may be removed from circulation during normal maintenance of vascular integrity or 
during accelerated consumptive states (c.g.. thrombotic disease, vasculitis). 

* Destruction: Macrophages, primarily in the spleen and liver, may destroy platelets that carry' surface- 
associated antibodies or complement. Aged or damaged platelets may be similarly destroyed. 

■ Redistribution: Splenic platelet sequestration may reduce the circulating platelet mass, and splenic contrac- 
tion may increase it. Pulmonary sequestration of platelets has been associated with severe hypothermia and 
endotoxemia. 

B. Platelet: kinetics 

L Blood platelet concentrations are established by the relative rates of platelet produc- 
tion, consumption, and destruction, and by the shifting of platelets to and from the 
Circulation (Fig. 5.2). 

2. Platelet production is affected mostly by the degree of cytokine stimulation and the 
number of responsive cells. In rodents and people, the total megakaryocyte matura- 
tion time ranges fro in about 2 to ID days.' 
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3. Platelet consumption is ongoing, Mean platelet life .span appears to be decreased in 
any markedly thrombocytopenic state* even when thrombocytopenia is due to mar- 
row hypoplasia. This can be explained by a fixed platelet requirement For mainte- 
nance oF vascular integrity, so when marked thrombocytopenia is present, a substan- 
tially greater percentage of the circulating platelets are consumed during routine 
maintenance/ 

4. Factors governing platelet life span are unclear;, but the spleen is important in deter- 
mining platelet life span in dogs, Splenecromized dogs had almost >0% longer 
platelet life spans (8 days} than healthy nonsplcnectomized dogs (about 5.5-6 days}/ 
Platelet life spans are similar in cattle and swine. 10 -" 

5. Human and rabbit spleens have been shown to harbor about 33% of blood platelets 
at any given moment. Epinephrine and splenic contraction can mobilize these 
platelets to circulation, while splenic engorgement can crap more platelets there, ?,H 
Splenic pooling and mobilization of platelets is expected in other species too (e.g. t 
dogs)/-* 

C Platelet Functions 

1, Platelets are requited for formation of primary hemostatic plugs to repair small vascu- 
lar defects, and they amplify minute stimuli into explosive production of fibrin to 
form secondary hemostatic plugs- Platelet hemostatic Functions can be divided into 
five major categories: adhesion, aggregation, release (secretion)* facilitation of coagu- 
lation, and dot retraction. 

a. Adhesion: Platelets adhere to and spread over (patch) perturbed endothelium or 
exposed subendorhelium. mostly via vWf that: binds to platelet GPlb. 

b. Aggregation: When adherence or platelet agonists (c.g., ADR collagen, PAR 
thrombin) activate platelet membrane ot SJ}> p, receptors, platelets aggregate via fib- 
rinogen or vWf bridges that bind to Qtn^3v im neighboring platelets. 

e Release (secretion): Activated platelets can release preformed granular contents 
(e.g., fibrinogen. Factor V„ ADR ATP, plasminogen) and newly formed mediators 
such as TkA ; and arachidonic acid. These products help mediate the hemostatic 
process, 

d, Facilitation of coagulation: When platelets are stimulated* anionic membrane 
phospholipids that can support coagulation move from the inner to the outer 
membrane, where they are available for use as cofactors in the coagulation path- 
ways,. These phospholipids include phosphatidylscrinc and arc referred to as 
PF3. M15 Platelets provide specific high -affinity binding sites for coagulation 
enzymes* cofactors, and zymogens. Platelets also release platelet agonists that acti- 
vate other platelets. 

c. Clot retraction: Most analogous to muscle contraction, since if involves platelet 
actio and myosin; ii facilitates wound closure and vessel patency. 

2, Energy for platelet functions is derived mostly from A1 l 5 generated by glycolysis. 
Mitochondria are few and small, so oxidative metabolism is minimal. Glucose enters 
platelets by facilitated diffusion. 

3, Nonhemostatic platelet functions: Platelets, through their release of mediators and 
interaction with leukocytes, arc important in inflammation and wound healing. 

11. Morphologic features of platelets (see Plate 4) 

A, Platelets arc anudeate disk-shaped cytoplasmic fragments of megakaryocytes. 

B. In blood films, platelets arc present individually or in small to large clumps (see Plate 
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4.B, C, and D). Clumps usually result from in vitro platelet activation, but anticoagu- 
lant-induced agglutination of nonhuman [i Luc lets lias been reported. 1 '" Clumps are most 
frequent in feline and bovine samples. They may be found throughout a blood film, but 
they are best found at its feathered edge T sides, and base., 

C. Shape: Nonacrivated platelets are round* oval, or elongate. Elongate forms probably rep- 
resent undivided megakaryocyte pseudopod segments (propUtelets); they may be more 
numerous during stimulated thrombopoiesis (see Plate 4 1, and hi). Activated platelets 
may have peripheral pseudopodia (see Plate 4.H , L and J), 

D. Granules: With Wright- staining, nonactivared platelets have cleat to pale blue cytoplasms 
containing small pink to purple granules. With activation, the granules may be central* 
lied (see Plate 4./ and J) or absent (secreted) (see Plate 4 .H). Granules tend to be most 
prominent in feline and bovine platelets and least prominent in equine platelets. 

E* Sue: Platelets in most healthy individuals are fairly uniform in size. The diameter of 
feline platelets, which is greater and more variable than in other species, may exceed that 
of feline erythrocytes. r7 

E Ehrlichia platys morulae may be present in platelets (see Plate 4„Q}. They must be differ- 
entiated from stain precipitate and fragments of nuclear material (see Plate 4,5), 

IIP Platelet concentration (often called "platelet count 11 in clinical jargon) 

A. Analytical concepts (see Chap. 2 for more details) 

1. Units: thousands/pL of blood; 300 X lOVpL - 300 X 1 0*/L (SI unit; suggest report- 
ing to nearest 10 X 10‘VL) 

2 . Sample 

a. Platelet concentrations are reportedly stable for 5 hr at room temperature and 24 
hr when samples are refrigerated (4 Q C), LB On the average, platelet concentrations 
remained relatively stable in EDTA-anti coagulated canine blood for 48 hr (kept 
at room temperature for the first 8 hr and refrigerated for the following 40 hr), 
but there were considerable increases and decreases in platelet concentrations of 
individual samples,-" 

fa, EDTA anticoagulation is routine, but dt rated blood (I part citrate to 9 parts 
blood) can be used (e.g. T when EDTA-induced platelet clumping is suspected). 
Citrate dilution requires that the measured platelet concentration be corrected 
(corrected platelet concentration = measured platelet concentration X ] J) h Some 
commercial citrate tubes contain platelet inhibitory factors that help reduce in 
vitro platelet activation. 2ft Platelet clumping is frequent with heparinized samples. 

3. Methods 

a. For all platelet quantitation methods, platelet clumping must be absent from 
blood smears to be confident that a platelet concentration is accurate. 

b. Most analyzers detect and enumerate platelets by impedance or light scatter 
methods (see Chap. 2). Light scatter methods allow better differentiation of large 
platelets from erythrocytes. 

c. The QBC hematology analyzer actually measures a “thrombocrit." the percentage 
of the volume of blood occupied by platelets. Because the value is affected by 
platelet size, it may not always match platelet concentrations based on ocher 
methods* However* compared to platelet concentration, ihrombocrit may fit: a 
better reflection of the total platelet mass, platelet functional potential, and 
thrombopoietic stimulus,- 1 Also* the analytical method m less affected by small 
platelet clumps,- 2 
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B, Appropriate reference intervals for platelet concentration may be shifted upward for indi- 
viduals at high altitudes. 23 

IV, Thrombocytopenia 
A, General concepts 

1. Definition: Platelet concentration is less than a valid lower reference limit (platelet 
dumps must be absent); healthy greyhounds^ ^ and perhaps shibas if ' have lower 
platelet concentrations than other dogs. 

2. Thrombocytopenia is a pathologic stare or diagnostic problem, not a disease. Its 
major significance is the potentiation of bleeding when platelet concentrations are 
markedly decreased. It is. also useful to recognize because its presence may suggest 
specific pathologic states or diseases. 

3. Clinical signs: Peceehiae and ecchymoses are the hallmarks of severe thrombocytope- 
nia. Mucosal bleeding (episimis, hemaiochezia, mclena, hematuria* hyphema) and 
prolonged hemorrhage after accidental or intentional trauma (e.g., venipuncture) are 
common. 

A Thrombocytopenia can occur in many diseases,-’ 7 '* but there are only three major 
pathogenic mechanisms to be considered: abnormal platelet distribution* decreased 
platelet production, and decreased platelet survival. Iatrogenic platelet dilution may 
also cause or contribute to thrombocytopenia. Combinations are common. 

IT Diseases and conditions (Table 5,2) 

T Pseudothrombocytopenia is false thrombocytopenia that may occur when not all the 
platelets in a sample are counted. It ran be recognized when microscopic examination 
reveals platelet clumps or yields an estimate of platelet concentration that is greater 
than the measured platelet concentration. 

a. Pseudothrambocytopenia usually occurs because blood collection causes platelet 
activation and aggregation, so platelets are dumped and not counted individually. 

b. It also occurs with automated analyzers when many large platelets are present but 
not detected because they exceed the upper size limit of detection; for such sam- 
ples, platelet concentrations should be determined by manual methods. 

c. It cau occur with cold agglutinins or anticoagulant- induced, antibody- mediated 
agglutination of platelets; anticoagulants, especially EDTA, can unmask antigenic 
sites on platelet membranes so that immunoglobulins bind and bridge platelets 
together. 31 Although rarely reported in veterinary species, J2 it is quite common 
with human samples. 

2. Abnormal platelet distribution (sequestration) 

a. Platelets may become reversibly redistributed into the vascular system of certain 
tissues, e.g., spleen, and therefore the concentration of freely circulating platelets 
is decreased. This thrombocytopenia occurs without decreased total body platelet 
ma.es. 

b. 1 he term sequestration is often used for either reversible platelet redistribution or 
for irreversible trapping of platelets in organs due to destruction by the MP5. 
However, the latter process should fail under the category of decreased platelet 
survival 

c. Abnormal platelet distribution may contribute to or (rarely) cause marked throm- 
bocytopenia. 

d. Disorders 

(1) Splenomegaly appears to cause splenic pooling of an exchangeable platelet 
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Table 5.2. Diseases anil conditions that cause thrombocytopenia 

Abnormal platelet distribution (sequestration): splenomegaly, severe hypothermia, 
endoroxemia 

Decreased platelet production (myelosuppression of one to all hemic cell lines) 

Drugs (toxicants) 

** Predictable: eh e mocherapeu i ic agents, estrogens in dogs (exogenous, endogenous) , 
bracken fern poisoning (ruminants) 

Idiosyncratic: phenylbutazone, medofcnamic add, rrimethoprlnvsiilfadiadne, 
i rimethoprim-s u I fonamidc* griseoful v i n 

I mmune-mcd rated: amegakaryocytic thrombocy topenia, impaired thrombopoicsis 
Infectious (usually muldfectorial; see text) 

Irradiation (whole body or extensive): prior to autologous marrow transplantation 
Marrow replacement: bone marrow neoplasia (primary hemic or metastatic)* myelofibrosis, 
osteopetrosis 

Mega karyocy tic leukemia (M7) 

Myelonecrosis: infections, neoplasia, toxicants 
Decreased platelet survival (accelerated platelet destruction and consumption) 

Immunologic 

“Primary (idiopathic) IMT 
Secondary IMT 

Drug-induced: gold salts* sulfonamides 
Infectious (usually mukifactorial* see test) 

Neonatal alloimmune thrombocytopenia 
Neoplasia (usually multifactorial: see text) 

Posttransfusion purpura 

Systemic immune-mediated disease: SLE, Evans' syndrome 
Non Immunologic 

Blood loss* acute and severe: anticoagulant rodenticides, blood loss with ECF volume 
replacement 

Platelet activation with accelerated consumption or utilization 

Localized intravascular coagulation: hemangiosaicoma* hemorrhage* thrombosis 
“DICi envenomation* hepatic disease, infections, massive necrosis, pancreatitis, 
neoplasia* overheating* septicemia 
Drugs: protamine sulfate 
Envenomation (without DIC) 

"Vasculitis: RMSF, canine herpes virus infection* hemolytic uremic syndrome* 
dirofilariasis, cutaneous and renal glomerular vasculopathy of greyhounds 
Hemodilmion: infusion with colloids, crystalloids* plasma 

Idiopathic mechanism or mulrifacrorial (decreased production and decreased survival) 
Anaphylaxis 

"Infections: babesiosis, BVD, canine distemper* canine parvoviral diarrhea* cyrauxzoonosis, 
ehrlichiosis, EIA, endotoxemia, FeLV* FfP* histoplasmosis, leishmaniasis, leptospirosis 
^Neoplasia: carcinomas, hemangiosarcoma and other sarcomas, lymphoma, leukemias 
Drugs 

Hypophosphatemia associated with hyperalimentation 

Notts. Lists of specific disorders or conditions arc not complete but are provided to give examples. 
Platelet concentrations in greyhound dogs arc lower than for other breeds of dogs; pseudothrombocy- 
copenia caused by platebt clumping or giant platelets fe.g.. Cavalier King Charles spaniels) should be 
considered before pursuing causes of true thrombocytopenia. 


>pvric 


material 


164 


FUNDAMENTALS OF VETERINARY CLINICAL PATHOLOGY 


fraction in some human conditions, though platelet survivals may also be 
decreased A* Similar effects of splenomegaly have been presumed to occur in 
other species, 

(2) Severe hypothermia (rectal temperatures of 20*Q may cause reversible 
platelet redistribution to liver and spleen in dogs.- 14 

(3) Endcnoxemia has been associated experimentally with transient pulmonary 
platelet pooling and subsequent hepatic sequestration and probable destruc- 
tion in dogs. 1(1 

3. Decreased platelet production 

a. , Adequate platelet production requires a healthy megakaryocyte population. 

Megakaryocytes can be unhealthy because of generalized bone marrow diseases or 
because of ’ megakaryocyte-specific diseases that eirher diminish megakaryocy- 
topoicsis or impair thrombopoicsis, Unexplained bicytopenia and pancytopenia 
suggest the possibility of generalized bone marrow disease. 

b. Recognized conditions associated with production failure thrombocytopenias in 
animals are acquired* 

(1) Drugs [toxicants! 

(a) Predictable and dose-dependent myelosuppressive effects (examples) 

(i) Anti neoplastic chemotherapeutic agents, including alkylating agents, 
antimctaboLites, and antibiotics (c.g,, doxorubicin), frequently 
induce thrombocytopenia 1-2 weeks after drug admin isi ra t bn . J7,3R 

(ii) Estrogens from exogenous sources**’ or endogenous sources (e.g. h tes- 
ticular Sertoli cell neoplasm rare ovarian granulosa cell neo- 
plasms, 41 and rare interstitial cell neoplasm^ in dogs.) can induce 
thrombocytopenia or aplastic pancytopenia. Suppressive doses 
cause thrombocytopenia after a week or more, and thrombocytope- 
nia may persist for weeks, Myeloiupprcssion may be mediated 

by an inhibitor produced by thymic stromal cells in response to 
estrogen, 41 

{ i it) Bracken fern poisoning may induce aplastic anemia with thrombocy- 
topenia in ruminants, 44 and albendazole has been implicated in a 
dog, 15 

(b) Drugs (toxicants) with idiosyncratic (i.e., sporadic and unpredictable) 

myelosuppressive effects (examples) 

(i) Idiosyncratic myelosuppression is suspected much more often than it 
is proven; relapse with re- challenge after recovery would be support- 
ive of a cause-and-efteci relationship, but it is avoided, 

(ii) Phenylbutazone and medofenamic acid are nonsteroidal anti- 
inflammatory drugs that have been associated with bone marrow 
hypoplasia and b icy tope nia or pancytopenia in dogs and probably in 
horses (only phenylbutazone). 4 *'^ 

(hi) Trimethoprim-sulfadiazine and trimcthoprm-sulfonamide have been 
associated with aplastic anemia in dogs and cats, 44 Its occurrence is 
uncommon and unpredictable at doses commonly used. However, 
potentiated sulfonamides predictably inhibit sequential steps in 
folate pathways, thus suppressing ON A synthesis. This may con- 
tribute to aplastic anemia and thrombocytopenia in affected dogs* 
Thrombocytopenia caused by my elos oppression should be d afferent b 
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ared from immune- mediated platelet destruction caused by 
tri methopri m-sulfa-de pe n de n t an ti bod i cs. 

(iv) Griseofulvin has caused marrow suppression in cats/ 26 - 1 and albenda- 
zole has. been implicated in a cat. 45 

(2) Immune-mediated suppression of megakaryocytopoiesis 

(a) Suspected amegakaryocyric thrombocytopenia has been rarely reported 
in dogs and cats, 54 '™ In people, it may occur with antibody- or cell - 
mediated ^ destruction ot megakaryocytes or their precursors or with 
antibody- media ted destruction of required cytokines/ 7 ™ 

(b) Anti megakaryocyte antibodies may also lead to impaired throm- 
bopotesis 513 without megakaryocytic hypoplasia or aplasia. Dogs injected 
with rabbit anti- [canine platelet] antiserum developed marked thrombo- 
cytopenia with morphologic changes in megakaryocytes that suggested 
the possibility of impaired megakaryocyte function without megakary- 
ocytic hypoplasia . m 

(3) Infections; The pathogenesis of thrombocytopenia associated with many 
infections is m tilt i facto rial, often including decreased platelet production* 
Several mechanisms of decreased production may be involved. 

(a) Direct infection of megakaryocytes or other hematopoietic precursors 
may affect megakaryocytopoiesis or thrombopoiesis (e.g., BVD/ 1 canine 
distemper 6 -). 

(b) Mvelosu ppressi ve cytokines may be produced in response to infection 
(e.g., EIA). w -« 

(c) Incompletely defined mechanisms (c,g-> chronic canine monocytic ehrli- 
chiosis* canine parvoviral infection); in addition to the effects of sep- 

i i cem ia/ endo toxe mia associated with severe enteritis* canine parvoviral 
infections may cause suppression thrombocytopenia by direct infection ol 
hematopoietic precursor cells; however, viral antigen has minimally and 
inconsistently been found in the bone marrow of experimentally infected 
dogs, and when present, it was not in recognizable cells of the megakary- 
ocyte series. 65 -*'* 

(4) Irradiation (whole body or extensive): Whole body irradiation can cause gen- 
eralized marrow suppression and thrombocytopenia through widespread cell 
death. Thrombocytopenia was prolonged (weeks to months) and severe in 
dogs receiving autologous bone marrow transplants after marrow-ablative 
total body irradiation/ 76 * 

(5) Marrow replacement (myelophthisss): Bone marrow neoplasia (primary hemic 
or metastatic), myelofibrosis, and osteopetrosis may each induce myclosup- 
pression. Mechanisms may include physical replacement of normal cell popu- 
lations, competition for nutrients, obstruction of blood supply, lysis of mar- 
row cells, or secretion of inhibitors, 

(6) Mcgakaryocytic leukemia is very rare but may be associated with thrombocy- 
topenia, 89 ' 70 probably because of dysthrombopoiesis and decreased throm- 
bopoicsis. 

(7) Myelonecrosis (with or without myelofibrosis): Infections, neoplasia, or toxi- 
cants may cause enough marrow necrosis to contribute to thrombocytope- 
nia/ 1 ^ 

4, Decreased platelet survival (accelerated platelet destruction and consumption) 
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a. If increased platelet production does not compensate for accelerated platelet 
destruction or consumption, thrombocytopenia will ensue. Platelet "consumption' 
usually refers to the utilization of platelets during hemostatic functions, whether 
physiologic or pathologic. Platelet '‘destruction" usually refers to die death of 
platelets occurring by direct damage, usually immune-mediated phagocytosis. 

b. Immunologic causes of decreased platelet survival 

(1) General concepts: LMT usually occurs when an animals immune system pro- 
duces antibodies that bind directly or indirectly to its own platelets (PSAlg), 
This Leads to accelerated platelet destruction by the MPS. Destruction is 
mediated by PSAlg, platelet surface-associaced complement, or both. The 
process may be initiated by a defective immune system, defective platelets, or 
adsorbed antigens from drugs, infectious agents, or neoplasms. The cause is 
usually unknown. 

(a) Classification of thrombocytopenia as im m unearned iaced is often done 
clinically based on clinical findings and response to immunosuppressive 
therapy. Detection of increased PSAlg by a validated direct assay would 
provide more support for the conclusion. 

(b) The abbreviation ITP is also used for IMT. It originally was used for 
“idiopathic thrombocytopenic purpura' 1 in human patients, but it came 
to be used for "immune thrombocytopenic purpura" once an immuno- 
logic mechanism was demonstrated. Purpura may nor be present in 
patients with IMT Idiopathic thrombocytopenia may not always be 

i in mu ne- mediated. 

(c) IMT not associated with a detected disease or condition is idiopathic 

I MX often called primary IMT. It may be autoimmune, but antibody 
specificity to normal self-epitopes is rarely documented in veterinary 
medicine. 

(d) IMT that is part of a more widespread disease (e.g., 5LE) is often called 
secondary IMT IMT occurring in association with other conditions has 
also been considered secondary IMT Secondary IMT may (e.g., SLE) or 
may not have an autoimmune pathogenesis. 

(2) Idiopathic IMT (primary, often presumed to be autoimmune) 

(a) Idiopathic IMT is well documented and relatively common only in dogs 
and people, but it appears to occur In other species as well. 73 ’ 77 It is pri- 
marily a diagnosis of exclusion; increased PSAlg or positive megakary- 
ocyte immunofluorescence results may be supportive (see below). If asso- 
ciated diseases have been carefully excluded before labeling as idiopathic, 
an autoimmune pathogenesis is likely Immunobloccing and immunnpre- 
cipitation studies have confirmed a role for platelet membrane antigen 
targets in at least some cases of canine idiopathic IMT 7 * 

(b) Common laboratory features: t} Thrombocytopenia (usually < 50.000/pL, 
often < 10,000/pL); MPV increased, decreased, or WRI; anemia (about 
50% oi cases); megakaiyocytic hyperplasia (megakaryocydc hypoplasia 
can occur) 

(3) Secondary IMT 

(a) Drug- induced IMT 

(i) Exposure to certain drugs may lead to increased PSAlg and therefore 
accelerated platelet destruction because of the production of drug- 
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dependent or drug-independent antibodies. Drug- independent anti- 
bodies do not require the drug for binding; they may bind to a 
platelet epitope that is cross- reactive with the drug or a metabolite. 
Drug-dependent antibodies are mom common in people,* 0, and they 
can theoretically bind to any of the following: a drug or a metabolite 
adsorbed to the platelet surface, a platelet epitope that is cross-reac- 
tive with the drug or a metabolite, a platelet surface antigen exposed 
by the presence of the drug or a metabolite, or a combined drug- 
platelet neoantigen on die platelet membrane. 

(it) Drug-induced IMT is suspected when otherwise unexplained throm- 
bocytopenia, usually severe, develops a few days after drug exposure, 
and when the thrombocytopenia resolves rapidly after drug with- 
drawal, 

(iii.) Strict criteria to tse met for confirmation of drug-induced IMT by 
drug-dependent antibodies are (I) increased PS. Mg in a patient that 
developed thrombocytopenia at least a few days after drug exposure; 
(2) patient plasma antibodies that bind in vitro to platelets or platelet 
antigens in the presence, but not in the absence, of drug or a 
metabolite; (3) resolution of both thrombocytopenia and increased 
PSAIg after drug withdrawal; and (4) relapse after reexposure to the 
drug (not recommended), 

(iv) Numerous drugs have been suspected to cause IMT in dogs, but gold 
salts (auranofin, gold sodium thiomalatc, and possibly aurothioglu- 
cosc)® 1 and sulfonamides (with or without tri methop rim )* 2 M have 
been strongly implicated; platelet antibody assay results have been 
supportive, but: the assays used had. limited validation. Methimazolc 
and propylthiouracil have been incriminated in cai$. s4,ts Heparin, a 
common cause of immune complex-induced IMT in people, has not 
been reported to produce an analogous condition in veterinary 
species. The pathogenesis of heparin- induced IMT involves platelet 
Fc receptors for Igli. but not all species express themT* 

(b) IMT associated with infection (usually multi facto rid; see below) 

(i) Pathogeneses of thrombocytopenias associated with infection are 
usually multifactorial or unknown* but many bacterial, viral, fungal, 
and protozoal diseases have been associated with IMT in people, and 
similar associations are likely in domestic mammals. 

(it) In fee Eton -associated IM'J may result from cross- reactive antibodies, 
bacteria- induced production of aucoa mi bodies, exposure of other- 
wise hidden platelet membrane antigens by the organism! binding of 
anti organism antibodies to the infectious agent attached to the 
platelet membrane! or the induction ol immune complexes that 
adhere to the platelet membrane. 

(in) May occur with acute canine ehrlichiosis/ 7 RMSF/ S histoplasmo- 
sis, ,H ‘ J leishmaniasis * distemper or modified live virus distemper vac- 
cination/- and FI A - " 

(c) Neonatal alloimmunc thrombocytopenia 

(i) Thrombocytopenia occurs when passively acquired (mainly via 
colostrum) maternal a I loan t foodies to paternal epitopes on a 
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neonates platelets circulate in the neonates blood and cause platelet 
destruction. The maternal alloantibodies are produced when the darn 
is sufficiently exposed to fetal platelets possessing paternally derived 
antigenic determinants that are recognized as foreign. It has been 
described in horses and pigs.' 293 

(ii) It must be differentiated from other causes of thrombocytopenia in the 
neonate* especially sepsis. Confirmation entails detection of increased 
PSAlg in the neonate but not in the dam* and showing the presence of 
antibodies in the dams blood that react with paternal and neonatal* 
but not maternal, platelets. Validated tests may be unavailable. 

(d) Neoplasia (usually multifactorial; see below) 

(1) Thrombocytopenia occurs commonly in animals with neoplasia. 

The cause is often multifactorial but may include immunologic 
mechanisms. 

(ii) Antibodies, possibly in the form of immune complexes* have been 
indirectly implicated in mediating thrombocytopenia in some dogs 
with a variety of hemic and nonhemic neoplasms.' 31 * 1MT has been 
associated with lymphoma in dogs and horses. 7 ■*** 

(e) Posttransfusion purpura 

(i) A condition in human transfusion recipients occurring about 1 week 
after transfusion; associated, with severe thrombocytopenia and high 
titers of platelet- reactive alloanttbodies that mediate the destruction 
of transfused as well as. the patients own platelets 

(ii) Rarely, poster ansfus ion thrombocytopenia has been reported in dogs, 
but the pathogeneses have not been established.™ 

(0 Systemic immune-media ted disease; Systemic immune- mediated diseases 
such as SLE ate caused by general B-oell activation and the production of 
autoantibodies directed against multiple targets, one of which may be 
platelets. 

(i) SLE: Though rarely documented, there is evidence of increased 
PSAIg in dogs, with SLE, 7 Primary 1MT and SLE may be different 
disorders within a spectrum of autoimmune diseases* 

(ii) Evans' syndrome 

* This syndrome was first described in people as idiopathic immune 
hemolytic anemia and concurrent thrombocytopenia or neutrope- 
nia, 77 but the term is now used to refer to concurrent IMT and. 

II HA, 

* In at least some human patients, the antibodies mediating the two 
cytopenias are distinct.’ 1 ® Information is unavailable for animals. 

* I ILIA with concurrent presumed IMT occurs in dogs (first report- 
ed in 1965™). An immune pathogenesis has been implicated in 
Some cases by indirect assays for platelet- or megakaryocyte- 
reactive antibodies in patient plasma. 79 

C Non immunologic causes of decreased platelet survival 
(1) Blood loss, acute and severe 

(a) When bleeding accompanies severe thrombocytopenia, hemorrhage is 
probably secondary to the thrombocytopenia rather than, thrombocytope- 
nia being caused by the bleeding. 
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(b) In dogs, experimental acute, severe blood loss via phlebotomy caused 
mild to moderate thrombocytopenia (up to 50% reduction in platelet 
concentration), 100 IWJ 

(c) Thrombocytopenia may be present in bleeding dogs, with anticoagulant 
rodciuidde toxicosis. l0 * Platelets are probably consumed at an accelerated 
rate by utilization at sites of hemorrhage throughout the body. With ex- 
tensive hemorrhage., loss of platelets contributes to thrombocytopenia. 
Thrombocytopenia may become severe during treatment of these dogs with 
fluids, transfusions, and vitamin K t ; blood dilution may be contributory. 

(2) Platelet activation with accelerated consumption or utilization: Any disorder 
associated with increased platelet activation may accelerate platelet con- 
sumption and lead co thrombocytopenia if platelet production does not 
compensate, 

(a) l ocalized (controlled) intravascular coagulation {e.g,, hemangiosarcoma, 
thrombosis, hemorrhage) may be associated with platelet consumption at 
the site(s) where coagulation occurs. Activation of the coagulation cascade 
leads to the generation of thrombin (Factor I la), a potent platelet activa- 
tor. Thrombin activates platelets, and activated platelets release platelet- 
activating substances that recruit and consume more platelets. 
Thrombocytopenia may ensue, 104 

(b) DIC: Widespread, uncontrolled activation ot the coagulation cascade 
may produce th tom bucyt open ia in the same way as localized coagulation, 
but the likelihood of thrombocytopenia is greater. DIG may result from 
envenomation, hepatic disease, infections, massive necrosis, pancreatitis, 
neoplasia, overheating, or septicemia, 

(c) Drugs and foreign materials: Some drugs cause or contribute to thrombo- 
cytopenia by directly activating platelets. Protamine sulfate, used to 
reverse the effects of heparin, can induce severe thrombocytopenia in 
heparinized and non heparinized dogs, apparently through a direct proag- 
gregatory effect 105 Foreign materials used within the vascular system 
(e.g., tubing, catheters) arc tested and chosen to minimize platelet activa- 
tion, bur accelerated consumption may occur, 

(dj Envenomation (without DIG): There are numerous types of venoms 
from numerous animal species, and they differ in their effects. Venom 
from some snakes may contain platelet-activating factors that induce 
thrombocytopenia in the absence of DIG, 06 Other venoms induce 
DIG. 107 

(e) Vasculitis; Inflammation of blood vessels can alter endothelial cells or lead 
to exposure of suhendo [helium, each of which can lead to a pro throm- 
botic state and platelet adhesion, aggregation, and secretion. Vasculitis 
results from infectious, immune -mediated., and chemical causes. 

Infectious causes include RiVISF, canine herpes virus infection, dirofilaria- 
sis, infectious canine hepatitis, and equine viral arteritis. Endothelial cell 
damage and necrosis lead to thrombocytopenia without DIG in dogs 
with hemolytic uremic syndrome or similar disorders (e.g., cutaneous and 
renal glomerular vasculopathy of greyhounds). When evaluating 
greyhounds, it: is important to recognize that their platelet concentration.* 
are lower than commonly reported canine reference intervals. 
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5, Hemodilution: Massive dilution of blood with phielei-poor fluids {c.g„ crystalloids, 
colloids, plasma) may cause mild to moderate decreases in blood platelet concenrra* 
rionJ 11 

6, Idiopathic mechanism or multi factorial (i.e., decreased production and. decreased 
Survival) 

a. The specific mechanisms by which thrombocytopenia occurs are unknown and 
probably multi facto rial for many diseases including infectious, neoplastic, and 
drug-induced conditions- Even when severe thrombocytopenia results from pro- 
duction failure, there is decreased platelet survival. This occurs because the 
platelets that do circulate are consumed at an accelerated rate; a greater percentage 
of them than normal are used for routine maintenance of vascular integrity. In 
IMT, although platelet destruction is usually instrumental in causing thrombocy- 
topenia, platelet production may also be impaired by immunologic mechanisms. 

b. Anaphylaxis (type I hypersensitivity) 

(1) Anaphylaxis is an immune-mediated reaction, but the mechanism of throm- 
bocytopenia is incompletely characterized. Non immune factors appear to be 
important in causing thrombocytopenia for at least some hypersensitivity 
reactions. 

(2) Anaphylactic thrombocytopenia may result from inflammatory mediators, 
DIC. or immune-complex interactions; with platelets. Membrane receptors 
for igh exist on a sub population of human platelets, and they mediate 
inflammatory platelet reactions in some species . ni 

c. Infections 

(1) Thrombocytopenia is commonly associated with infections; 27 * 11 ' 30 certain bac- 
terial {Ehrlkhia sp<), fungal (e.g., HhtopUsma sp>), viral (e.g., equine infec- 
tious anemia virus), and protozoal (e.g.. Leishmania sp., Babesia sp.) organ- 
isms often induce thrombocytopenia. Thrombocytopenia occurs somewhat 
less frequently, but not unexpectedly, with other organisms (e.g,, leptospirosis, 
fell rue i m mu n odefic iency v i rush 113 

(2) Infectious thrombocytopenia may be caused by various combinations of sup- 
pressed platelet production (direct infection, immune suppression, local 
effects of inflammation within die bone marrow), altered platelet distribu- 
tion, increased platelet consumption, and immune-media ted or non imm une 
p hide t dest rued on. 

d- Neoplasms 1 14 

(1) Many types of neoplasia are associated with thrombocytopenia, including car- 
cinomas, sarcomas, lymphomas, and leukemias. In one study, approximately 
10% of dogs with neoplasia were thrombocytopenic, though sometimes it 
was because of concurrent infections or therapy. 115 

(2) Thrombocytopenia may result from many mechanisms, alone or combined. 

In specific cases, causes are usually speculative. Potential mechanisms: 

(a) Decreased production 

(i) Myclo phthisis: presumed contributor to thrombocytopenia in dogs 
with multiple myeloma, acute leukemia, chronic lymphocytic 
leukemia; other cyropenias sometimes present 

( ii) Mydudy splash 

(hi) Estrogen secretion by the neoplasm 

( i v) C hetnot h e rapy 
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(h) Decreased platelet survival 

(i) Most evaluated clogs with neoplasia and decreased platelet survival 
(kinetic studies} had hyper fibrinogenemia and fibrinogen half- lives 
were not decreased, 1 ' 4,117 This does not support DIC. However* D1C 
does occur in some cancer patterns and may contribute to thrombo- 
cytopenia seen m dogs with mast cell neoplasia or hepatic 
meia$ttses. im,s Vasculitis or thrombosis within a neoplasm (e,g, T 
hemangiosarcoma, a malignancy of endothelial cells) may accelerate 
platelet consumption. Secondary 1MT may also occur and has been 
incriminated in dogs with certain types of neoplasia (e.g., lym- 
phoma) using indirect platelet and megakaryocyte assays."" 

(ii) Other contributors may include hemorrhage secondary to a neo- 
plasm, sepsis secondary to immunosuppression, or destruction 
(phagocytosis) by neoplastic macrophages (e.g., malignant histiocytic 
neoplasia), 

(c) Abnormal platelet distribution; Splenomegaly or hepatomegaly induced 
by neoplastic infiltration (e.g., hemangiosancoitia) or secondary organ 
congestion may be associated with, platelet sequestration. 

e. Drugs; The thrombocytopenia associated with drugs may be caused by myclosup- 
pression* accelerated platelet destruction (immune or nommmunc), or multiple 
mechanisms. In some cases, the pathogenesis of thrombocytopenia is not dean 11 '' 

f. Hypophosphatemia: Hypophosphatemia resulting from hyperalimentation in 
starved dogs caused decreased platelet survival and thrombocytopenia , m 
Thrombocytopenia was associated with decreased platelet ATP concentrations, 
probably due to an associated decrease in anaerobic glycolysis. The specific mech- 
anism of accelerated platelet clearance was not determined. Cats receiving total 
parenteral nutrition also developed thrombocytopenia, but they were not 
hypophosphatemic and the cause was not apparent, 121 

V, Thrombocytosis 

A General concepts 

1. Definition: platelet concentration greater than a valid upper reference limit 

2. Thrombocytosis may result from redistribution or increased production of platelets.. 
Increased production may be associated with hemic neoplasia involving megakary- 
ocytes, or it may occur as a secondary reaction to other conditions. 

3. Serum [KM may become increased in vitro (pseudohyperkalemia) by the increased 
amount of platelet K* released duri ng dott i ng. 

B. Diseases and conditions (Table 5.3) 

1. Hemic neoplasia (clonal thrombocytosis) 

a. Primary (essential) thrombocythemia is a rase myeloproliferative disease that has 
been reported in a few dogs and cats (sec Plate 4*G)A**' ia4 Platelet concentrations 
have been markedly increased. ( 1 ,000,000-5,000,000/ pL). I^arge, pleomorphic, or 
hypogranular platelets may be present and similar to those seen with some 
megakaryocytic leukemias (see Plate 4,F). Platelet function may be diminished. 
Increased numbers of mature megakaryocytes arc present in the bone marrow, 
and myeloid hyperplasia and erythroid hypoplasia have been reported. Though 
not proven in dogs and cats* the human condition involves a clonal proliferation 
of pluri potent stem cells, 12 ' Diagnosis is currently by exclusion of other causes ol 
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Table 5*3* Diseases and conditions that ca use thrombocytosis 

Hemic neoplasia (clonal thrombocytosis) 

Primary {essential) thrombocythemia and other myeloproliferative diseases 
Acute megakaryocytic leukemia (M7) 

Reactive thrombocytosis (secondary, non don at) 

Increased production 

yi Inflammation: infection, immune- mediated, surgery, trauma 
Northern ic neoplasia 
"Iron deficiency 

Vinca alkaloids (vincristine, vinblastine) 

"Recovery from thrombocytopenia (rebound); withdrawal of myd o$upp rcssbn, recovery 
from IMT 
Splenectomy (post) 

Blood loss 
Redistribution 

Physiologic: exercise, epinephrine 

Splenectomy (post) 


persistent thrombocytosis. Other mydo proliferative diseases (polycythemia vera, 
chronic myelogenous leukemia, and myelofibrosis) and mydodysplastic disorders 
have been associated with thrombocytosis in human patients, 
b. Acute megakaryocytic leukemia (M7 subtype of acute myeloid leukemia) has 
been reported rarely in dogs and cats (sec Plate 4,A F , O, and P), In contrast to 
essential thrombocythemia, > 30% of nucleated cells in the marrow are 
megakaryoblasts, marrow fibrosis may be present,, and neoplastic megakary oblasts 
may be present in blood and other organs** 11 - 70,1 ** 124 Thrombocytosis or thrombo- 
cytopenia may be present. 

2 . Reactive thrombocytosis (secondary,, nondonal): Reactive thrombocytosis occurs sec- 
ondary to other conditions and docs not involve neoplasia of the megakaryocyte cell 
line. In most cases, thrombocytosis is mild to moderate and poses no threat to the 
patient. It is a nonspecific indicator of certain underlying abnormalities, 
a. Increased production 

( 1 ) Inflammation: Inflammatory cytokines including IL-6 appear to be important 
mediators of increased ihrombopoiesis in a wide variety of i nfectious and 
non infectious inflammatory conditions including surgical and non surgical 
trauma in people, 1 291,10 Thrombocytosis is frequently associated with inflam- 
matory conditions in horses, dogs, and cats, Ell>1 

(2) Non hemic malignant neoplasia: Thrombocytosis may result from accompany- 
ing inflammation or from production of thrombopoietic cytokines (e.g., 

IL-6) by neoplastic cells. 133 ' 1 

(3) Iron deficiency: Thrombocytosis is a common but inconsistent finding in 
canine and human patients with iron deficiency. The specific cause is not 
known, but blood concentrations of measured thrombopoietic cytokines (e.g., 
thrombopoictin, I L-6) have not been increased in human patients with iron 
deficiency and thrombocytosis. l3Cl 

(4) Vinca alkaloids; Vincristine and vinblastine stimulate thrombopoicsis that can 
lead to thrombocytosis without increased. MPV. 1 In patients with IMT, 
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these drugs may lead ra increased platelet concentrations by other mecha- 
nisms, including inhibition of the MPS and. therefore decreased platelet 
destruction. 

(5) Recovery from thrombocytopenia (rebound thrombocytosis); 
Thrombocytopenia may stimulate enough thrombopoiesis that production 
exceeds consumption/destruction and blood concentrations transiently over- 
shoot the upper reference limit during recovery. This can occur after with- 
drawal of mydosuppression, with recovery from IMT, or after blood 

| oss looaw-iu 

(6) Postsplenectomy: Splenectomy results in thrombocytosis, sometimes marked, 
associated with increased thrombopoiesis and increased blood concentrations 
of thrombopoietin. 142 ' 1 ^ Thrombocytosis is transient, but may persist for 
weeks* Other mechanisms that may contribute to the thrombocytosis include 
decreased platelet destruction or decreased sequestration. 1 

(7) Blood loss, especially chronic, has been associated with thrombocytosis in sev- 
eral species, but iron deficiency* inflammation, or neoplasia may cause or con- 
tribute to thrombocytosis in many cases. Thrombocytosis occurred with 
repeated phlebotomy in nonsplenectom ized rabbits that were supplemented 
with iron, but did not occur in Iron-supplemented, spleneccomized rabbits. 546 

(8) Hypercortisolemia: Hyperadrenocorticism and exogenous glucocorticoids 
have been associated with thrombocytosis in dogs, 131 but a cause-arid -effect 
relationship is not clear Thrombocytosis may relate to underlying or concur- 
rent conditions.. Prednisone administration to healthy dogs resulted in no 
increase 137 or a questionable increase 147 in platelet concentrations. 

b. Redistribution: Mild and transient physiologic thrombocytosis, even when Cor- 
rected for hemoconcentration, may occur in some species (e.g., dogs, cats, people) 
with strenuous exercise or epinephrine release. In people, the thrombocy- 
tosis appears to result primarily from release of platelets from the spleen, but exer- 
cise may induce thrombocytosis in asplenic patients, 1 "- There is evidence for 
platelet redistribution from lungs. 152113 

VL Platelet volume 

A, Among individuals, populations, and species, platelet volume is generally inversely relat- 
ed to the platelet concentration, 11 

B, The MPV of a blood sample is the average apparent volume of all the particles in the 
sample that are counted as platelets. Because MPV is an average, populations of large or 
small platelets may be present and detectable by microscopy when the MPV is WRI. 

1. Analytical concepts 

a. Units: fL 

b. Sample: An accurate MPV requires that all platelets be assessed, that they arc not 
clumped, chat their shape has not been altered by activation and pseudopod for- 
mation, and that few other particulates such as lipid droplets or cell fragments are 
detected as platelets. 

c. MPV is commonly measured and often reported as part of a complete blood 
count using EDTA-anticoagulated whole blood. However, such values are often 
inaccurate due to methods of measurement and effects of time, temperature, and 
anticoagulant, 

(1) MPV results vary with the type of analyzer. 13 * Electrical impedance methods 
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may exclude large platelets from evaluation, and the di luring fluids used to 
sphere platelets in optical analyzers may falsely decrease the values. 1 1,7 
(2) With impedance measurements, EDTA induces an i factual and time-depend- 
ent increases in MPV that occur within 5 min and may result in 3-hr values 
that are 150% of baseline for room temperature samples. Art i factual 
increases also occur when EDTA samples are refrigerated (4 # G). IW Citrated 
blood samples maintained at 37°C are preferred but impractical; MPV 
increases over time in dirated samples stored at room temperature or 4 D C, 
but the increase is less than with EDTA samples. 1 ” 

2. Interpretation of MPV values is limited by inaccuracies and inconsistencies of routine 
MPV measurement and limited knowledge of factors influencing platelet size, ^ 140 
especially in domestic species. In general, there is an inverse but nonlinear correlation 
between platelet concentration and MPV in people without primary bone marrow 
disorders; MPV values tend to be greater with thrombocytopenia and lower with 
thrombocytosis. IA! A similar relationship was found in healthy cats. 1 * 1 Complete 
interpretations of MPV require consideration of this relationship. 

3. Increased MPV 

a. Increased MPV, when accurate, usually suggests accelerated thrombopoiesis, i.e., 
an increased stimulus for platelet production. 1 ” Though there are reports ro sug- 
gest posrproduction size modification of platelets, 141 platelet size is generally 
thought to be established primarily during production and not dramatically 
aliened in the circulation. 1 ” 163 Therefore, increased MPV may reflect accelerated 
thrombopoiesis occurring any time in the 5-10 days (platelet lifespan) preceding 
testing. Increased MPV may precede increases in platelet concentration in 
patients recovering from thrombocytopenia. 111 However, a strong thrombopoietic 
stimulus and increased MPV could occur with either adequate or inadequate 
megakaryocytopoiesis . 

b. Increased production of abnormal platelets in essential throitibocyf hernia and 
other clonal disorders may lead to an increased MPV or an unexpectedly high 
MPV for the degree of thrombocytosis. 154,1 ** 

c. Abnormally large platelets are produced in certain congenital platelet disorders, so 
MPV may be increased. Large platelets occurred in the originally described dogs 
with otterhound rhr ombopa thi a . 1 M and they are present in many Cavalier King 
Charles spaniels {see Plate 4,/). l6V166 

d. MPV may increase with physiologic thrombocytosis, possibly due to mobilization 
of the splenic platelet pool, which is thought ro be overrepresen led by large 
platelets in some species. 1 w 

e. Increased MPV is associated with hyperthyroxinemia in people and mice.’” 

f. Acute infection with the Kawakami-Theilcn strain of feline Leukemia virus 
induced production of macrothrombocyies. 1 * 7 This was associated with decre- 
ments in platelet concentration but no significant change in platelet mass. 

4. Decreased MPV 

a. Dogs with IMT may have decreased MPV values more often than dogs with 
thrombocytopenia for other reasons, but values may also be increased or WRI. l6B 

b. With severe thrombocytopenia (< 5 000/p I.), MPV may he affected by non platelet 
debris in the sample or instrument if special precautions are not taken. This 
debris is insignificant except at very low platelet concentrations. 

C. Bone marrow failure and chemotherapeutic mydosuppression have been associate 
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ed with decreased MPV in people* 1 ™ However* MPV was WR1 for seven of nine 
dogs with primary bone marrow disease, and increased in rwo of nine- the latter 
two dogs did not have mcgakaryocytic hypoplasia, 86 ® 

Cl PDW is a uni dess I ndex of platelet anisocyiosis calculated by some blood analyzers. An 
increased PDW indicates an increased population of large platelets, an increased popular 
tion of small platelets, or both, 

D. Platelet volume is also subjectively assessed by microscopic inspection of blood films. 
This two-dimensional assessment of flattened platelet size is not standardized, but popu- 
lations of large platelets can be detected even when automated analyzers miss them. 
Platelets Larger than erythrocytes are commonly considered giant platelets, shift platelets, 
or megachrombocyttt (see Plate 4 . AT though definitions vary. T hey may appear activated 
(see Plate 4.J), elongated (see Plate 4.ZT, or abnormal (see Plate 4„/T An increased popu- 
lation of giant platelets may be present even when the overall MPV i$ WRI. 
Interpretation is similar to that of MPV", though there is no standardized, objective 
method of reporting giant platelets. They can be found In blood samples from healthy 
animals* especially cats, 

VI L Platelet function tests 

A. BMBT is a standardized in vivo test: of primary hemostasis used in dogs and eats. Other 
mucosal membranes have been used in large animals. The skin bleeding time is less 
repeatable, 16,1 and Cuticle bleeding times assess secondary hemostasis in addition to pri- 
mary hemostasis. 

L Analytical concepts 

a. Units are not standardized. Results are sometimes reported in seconds (e.g.* 202 
s)> minutes and seconds (t\g., 3 min 22 s) + or minutes (e.g,* 3, 3.4, 3,3” min). 
Interobserver and intraobserver imprecision 170 suggests it would be most appro- 
priate to report to the nearest minute. The BMBT of healthy dogs has been 
reported to range from 1 to 5 min, but it usually is less than 4 min, ,M - 17,1 

b. Procedure; T he upper lip is rolled out and usually secured with a gauze strip 
around the maxilla. Timing begins when a standardized cut is made in the 
mucosal surface of the upper lip using a spring-loaded device (SimpIate-II, 
Organon Teknika Corp. or Surgicutt, international Techmdyne). The cut is small 
enough (5 mm X 1 mm) lor primary hemostasis alone to resolve the bleeding; 
coagulation and generation of fibrin is not necessary. Filter paper is used to blot 
away excess blood without touching or disturbing the incision itself. The end- 
point is when bleeding ceases and a crescent of blood no longer forms on the fil- 
ter paper, 

2. The BMBT test is relatively insensitive, but BMBT will be prolonged (greater than 

about 4-3 min in dogs) with moderate to marked defects of primary hemostasis. 

a. Thrombocytopenia { liable 5.2): Marked thrombocytopenia is a contraindication 
to BMBT because it is already known that BMBT will be prolonged. The degree 
of thrombocytopenia required to prolong the BMB t‘ h not clean but it is com- 
monly stated that BMBT prolongations may occur with platelet concentrations at 
or below 100, 000/ nL. Th is cutoff probably varies with other factors, such as 
MPV, vWfiAg, or Ha. 

b, Thrombopathia (platelet dysfunction) (Table 5.4) 

(I) Terms used to describe a disorder of abnormal platelet function include 
thrombopathia, thromb&pathy, thrombocytcpathy, and thr&mbocytopathia. The 
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Tabic 5.4, Diseases and condition* that c mm decreased platelet function 

Hereditary: Basset hound fhrombopathia, ChMkk Higashi syndrome (Persian cats; Hereford, 
Brangns, and Japanese black cattle), cyclic hematopoiesis (grey collie), dense granule storage 
pool disease of American cocker spaniels, Glammanns thrombasthenia {great Pyrenees, 
otterhounds), SimmenraJ hereditary ihrombopathia, Spitz thrombopathia, thrombasthenic 
thrombopathia (otrerhounds-origmal variant} 

Acquired 

‘Drugs: anesthetics (barbiturates), anti-inflammatories (NSAIDs), membrane-active 
drugs (local anesthetics, beta blockers, antihistamines), antibiotics (penicillins and 
cephalosporins), anciplatelets (ticlopidine), dietary factors (garlic, ethanol, caffeine) 
Envenomation (certain venoms) 

”FDPs (increased fibrinolysis, DIG) 

Hepatic disease 

Hyperglobulinemia (multiple myeloma, ehrlichiosis) 

IMT (some anti platelet antibodies) 

Infections: BVD, FeLV 

Neoplasia involving megakaryocytes: myeloproliferative diseases, acute megakaryocytic 
leukemia 

•Renal failure (uremia) 

S ynth etic colloids (dextrin, hetastarch) 

AW- J Decreased platelet function should be considered when (1) petechiae, ecchymoses, or mucosal 
hemorrhages occur without marked thrombocytopenia or [2) bleeding time or clot retraction are pro- 
longed in the absence of thrombocytopenia (also consider vWD). Thrombopathia can he documented 
by abnormal platelet aggrtgometry, adhesion, or secretion studies. 


precise definition and usage of each term varies, Thrombopathia will be used 
herein as a general term to indicate any disorder of platelet function, 

(2) Thtombopathia should be suspected if BMBT is prolonged but platelet con- 
centrations, Hct. and vWfiAg values are WRL Hereditary thrombopaduas are 
uncommon; additional reading is available. 16 * Acquired thrombopathia occurs 
concurrently with diseases or conditions that are usually diagnosed by other 
findings, The thrombopathia may be subclinicaJ or it may contribute obvi- 
ously to morbidity. 

c. vWD: BMBT can Ire used .as a screening test for vWD in breeds predisposed to 
the disease {e.g„ Doberman pinschers). BMBT should be prolonged when 
vWfiAg < 20% and may be prolonged with greater values, 

d. Anemia: Anemia prolongs BMBT, possibly by decreasing the interaction of 
platelets with the vascular wall or because of decreased erythrocyte ADR a platelet 
agonist,) 71,172 

e. Vascular disease; BMB I rarely tnay be prolonged with certain vascular diseases. 

f. Ami platelet drugs: Aspirin led to an increase in canine BMBT values but 
values were still WRL Other aniiplatelet drugs often do not prolong the 

BMBT. 17>J74 

3. Defects restricted to secondary hemostasis and the formation of fibrin (e.g., hemo- 
philia) should not prolong BMBT unless a larger vessel is cut,' ' s However, some 
hitman patients with afibrinogenemia have prolonged bleeding times,, presumably 
due to the lack of fibrinogen for inrerpWdct bridging, 176,177 
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4. Bleed mg rime has not been useful as a screening tesi for predicting the occurrence of 
excessive surgical bleeding in human patients. 374 

B. Clot retraction is mediated by platelets, so some thrombopathias (Table 5-4) or marked 
thrombocytopenia (Table 5.2) can prolong clot retraction. This may be noted by a 
decreased yield ot serum after 60-90 min. of dotting. Standardized tests to quantify dot 
retraction have been developed but are not routinely done. 117,1 78 ’ 179 

C. Other specialized tests are used to assess platelet adhesion, aggregation, and secretion in 
mtro ltA These tests are available in labs with specialized equipment (aggregometers, PFA- 
100 analyzer [Dade Behring, Inc., Miami, Florida]) and expertise. In addition to detect- 
ing and characterizing decreased platelet function, these tests can also detect hyperactive 
platelets as may occur with infections (e.g„, FIR heartworm disease), malignancies, the 
nephrotic syndrome, and other disorders, 1 * 0 ' 183 

VIII. Reticulated platelets 

A. just as the RNA content of young erythrocytes (reticulocytes) is used to assess erythro- 
poiesis, '‘reticulated platelets'* have been measured to assess thrombopoiesis in dogs, and 
horses. 184 Reticulated platelets have been shown to be less than 24 hr old in dogs- 1 *’ 

B. , The assay is primarily a research tool at this lime. Platelets are incubated with thiazole 

orange, which binds to platelet RNA and granule nucleotides and emits a fluorescence 
that can be detected by flow cytometry. The percentage of platelets with increased fluo- 
rescence is determined, and this value can be used in conjunction with the platelet con- 
centration to calculate the concentration of reticulated platelets in the blood- An 
increased concentration of reticulated platelets is evidence for increased thrombopoiesis. 
However, the increase in fluorescence may relate either to an increase in platelet size or to 
an increase in RNA concentration within the platelets, depending upon the method used 
and how the threshold limit for increased fluorescence is defined . 1 ** - im 

C. Increased Concentrations of reticulated platelets may not be present in patients with 
accelerated thrombopoiesis if the mean platelet lifespan is reduced to less than the period 
of time a reticulated platelet is detectable A lwy 

D. Erythropoietin administration to dogs was associated with increased numbers of reticu- 
lated platelets and platelet hyperreactivity, 890 

E. Th is procedure may become clinically useful once it is better standardized and the deter- 
minants of platelet size are better understood, 

IX, Platelet surface-associated immunoglobulin (PSAIg) and related tests for immune- mediated 

th rom bocytopen ia (IM T) 

A, A variety of specialized assays have been developed to aid in the diagnosis of canine IMT, 
but the diagnosis remains primarily one of exclusion. No veterinary assay has undergone 
rigorous and extensive controlled clinical testing. 

B, Sample conditions (e.g., anticoagulant, storage time, storage temperature) may affect 
results. For example, a few hours exposure of curated blood samples to room tempera- 
ture or refrigeration led to variable but sometimes marked increases in PSAIg in canine 
samples. iyi Storage- related increases in PSAIg also occur with EDTA anticoagulation, fK 
but the relative contribution of anticoagulant, storage temperature, and other factors to 
these increases is not known, 

C, Platelet assays 

1. Direct platelet assays that test for antibodies on the surface of a patient's platelets 
(PSAIg) are recommended. Most current assays are flow cytometric; PSAIg is detect- 
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cd by fluorescence-tagged, spccics-specific, anti- immunoglobulin antibodies. 87 -^ 1 * 34 ^ 
Positive results generated from properly processed samples using reliable assays sup- 
port antibody-mediated platelet destruction but do not differentiate primary IMT 
from secondary IMT H Negative results suggest the need to search for a nonimmune 
pathogenesis for the thrombocytopenia. 

2 , Indirect assays testing for antibodies in a patient’s plasma or serum that can bind to 
“normal" platelets from healthy animals have been used but ate not recommended. 
They are less sensitive and less specific for IMT than are direct assays. Indirect assays 
do not differentiate autoantibodies from immune complexes, immunoglobulin aggre- 
gates that can form in frozen sera, or acquired and naturally occurring aJ loan e ( bodies 
to platelet antigens. 

D. Direct megakaryocyte immunofluorescence assays have been used, to detect the presence 
of megakaryocyte-associated immunoglobulins on a patients megakaryocytes, usually on 
smears of a bone marrow aspirate. 94,1 * 7 Testing requires good bone marrow aspirates with 
ample megakaryocytes, so samples are not always adequate. If antibodies directed against 
platelets also bind shared epitopes on megakaryocytes, results may be positive. 198 False 
positive results may occur if megakaryocytes are damaged and cytoplasmic immunoglob- 
ulin rather than surface immunoglobulin is detected. The cumulative reported diagnostic 
sensitivity for clinical diagnoses of canine IMT is about 50%, too low to recommend, - " 

VON WILLEBRAND FACTOR (vWf) 

I. Physiologic processes 

A. vWf is a large tiuihimeric plasma glycoprotein (M r * 500,000-20,000,000) that bridges 
platelets to injured vessel walls via platelet GPIb and exposed subendothelial proteins 
such as collagen (adhesion). It also contributes to platelet-platelet bridging via GPIb and 
the platelet integrtn c* Ub p A (aggregation). The largest m ultimas of vWF are the most 
functional. lw 

B, Most vWf is produced by endothelial cells 24 *”' 3111 and secreted oonstiiutively or stored and 
secreted later upon endothelial cell activation. Megakaryocytes and platelets contain a 
significant amount of vWf in some species (e.g.» cats, human beings) but very little in 
dogs. 199 ’ 311 " 20 -* Secreted vWf forms non covalent complexes with coagulation Factor VHI 
and serves as a stabilizing and protective carrier molecule for St, 204 

II. von Willebtand disease (vWD) 

A. vWD is a disorder of primary hemostasis caused by a deficiency of functional vWf. It is 
the most common hereditary bleeding disorder in dogs. !i h rare in can ley"' cats, 206 and 
horses. 2 ® 7 

B. vWD is usually an inherited disorder, but acquired vWD occurs rarefy in people. 3082 ” 9 
Acquired vWD has not been clearly documented in veterinary species, 

1 , One of the diseases associated wi th human acquired vWD is hypothyroidism, and 
treatment of these people for hypothyroidism has resolved the concurrent vWf defi- 
ciencies, 21 ® 

2, An association between hypothyroidism and vWD has also been suggested in dogs, 
particularly in Doberman pinschers. 2U However, studies have produced conflicting 
results* and the concurrence til common diseases docs not prove a causc-and-efftet 
relationship.™ The finding of vWfiAg values that were WRI for hypothyroid dogs 
before treatment with leva thyroxine and significantly decreased (not increased) after 
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treatment indicates that there is not a predictable association between hypothy- 
roidism and vWD in dogs. 312 

C. Three general types ofvWD have been defined. 213 

1. Type 1: all vWf mu.1 timers are present but at decreased concentrations; variable sever- 
ity; ma$t common form; occurs in many dog breeds, including Doberman pinsch- 
ers 1 14 

2. Type 2; deficiency of vWf with disproportionate decrease in large mul timers; sen- ere 
form; uncommon; occurs in German shorthaired pointers and German wirehaired 
pointers; 31 ' reported in one horse 207 

3. Type 3; absence of all vWf mu! timers; severe form; occurs particularly in Chesapeake 
Bay retrievers, Dutch kooikers, Scottish terriers, and Shetland sheepdogs 21 ^ 219 

D. Clinical and Laboratory signs of vWD 

1 » Mild to severe mucosal hemorrhage (cpistaxis, gastrointestinal hemorrhage* pro- 
longed esc ml bleeding}, cutaneous bruising, and prolonged hemorrhage from non sur- 
gical or surgical trauma (e.g., tail docking, dewdaw removal in puppies, tooth extrac- 
tion) 

2. Absence of petechiae may help differentiate vWD from platelet disorders. 

3. Prolonged BMBT without thrombocytopenia and without prolonged coagulation 
times 

4. PTT may be mildly prolonged because decreased Factor VII l coagulation activity 
(which may be denoted FVIIhC) occurs secondary to reductions in circulating vWf, 
a carrier molecule For Factor Vlll, However, in contrast to human patients with 
vWD, FVIIhC in dogs with vWD is usually greater than 30% of the activity in refer- 
ence plasma, so PTT is usually WRI, even in dogs with type 3 vWD and therefore 
no vWf !W 330 

III. Analytical concepts 

A. Sample 

L Plasma from blood drawn into sodium citrate or EDTA; citrate tubes should be filled 
to give a 1 :9 volume ratio of citrate to blood. vWfiAg may be markedly decreased in 
samples with clots or in vitro hemolysis, but lipemia has no significant effect. 221 
2. vWE-Ag is reportedly stable for at least 8 hr in canine plasma or whole blood stored 
at room temperature. However, values are significantly increased at 24 hr after col- 
lection when whole blood samples are stored, at room temperature, and values are 
increased at 48 hr (but nor 24 hr) after collection when plasma is stored at room 
temperature. 222 These increases did not occur when samples were refrigerated. It is 
generally recommended that plasma should be collected promptly after blood collec- 
tion, frozen, and shipped overnight with iec- 

B. Units: Percent, UVdL, or U/mL relative to 1 00%, 100 U/dL or 100 U/mU respectively, 
of vWftAg, in pooled plasma from healthy individuals of the same species; units may be 
written to indicate the species of the patient and reference samples (e.g„ CU/dl. For 
canine samples). Variations in the composition of pooled plasma from the reference ani- 
mals ran affect results. 

C vWfiAg assays 1 ** 22 * J* 

1, ELISA: vWf is usually measured by a quantitative ELISA method with species- 
specific antibodies to vWf (he., vWf:Ag); values of < 50% are usually considered 
decreased. ELISA testing has largely replaced electroimmunoassay methods involving 
electrophoresis ol plasma vWf in agarose gels containing antibodies to vWf. 
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2, Multimeric analysis ( t mm u noelect rophoresis } 

a. . vWf m ul timers arc separated by agarose electrophoresis so that the relative 

amounts of different sized multi triers can be determined. 

b. Differentiates type i vWD (high molecular weight ruu It inters present) from type 
2 vWD (high molecular weight mu I timers absent) 

3. Functional assays 

a, Botrocetin cofactor assay: Platelets agglutinate in the presence of botrocetin and 
vWf. The rate of this vWf-dependent platelet agglutination correlates well with 
the amount of plasma vWEAg except with type 2 vWD, In type 2 vWD, botro- 
cetin cofactor activity may be markedly reduced while the amount of plasma 
vWEAg may be WRl or mildly decreased. This is because the more functional 
large mu I timers are deficient. 

b. vWf-collagen binding activity may he measured in canine plasma by an ELISA 
procedure that detects only the vWf that can bind ro collagen., The assay is there- 
fore a measure of vWf quantity and function. 

[ V. I n terpret ive consi tie rat io n s 

A. The amount of plasma vWfiAg has been shown to vary considerably from day to day 
when healthy or diseased (vl'D) dogs are sampled serially 223 

B. Amounts of plasma vWEAg may be increased after very strenuous exercise; vWf:Ag 
increased as much as 100% within minutes after strenuous exercise in horses.-- 8 Similar 
increases occurred in bitches at parturition, with lesser increases in the last trimester of 
pregnane)' and for the first 1-2 weeks after parturition.-^ Values may also be increased by 
epinephrine, 226 endotoxin, 2 * 0 and DDAVP ( 1 -deam i no- 8 -D- arginine vasopressin) > 226 
DDAVP increases vWfiAg in dogs with type 1 vWD or in dogs without vWD by releas- 
ing vWf, especially the larger multimers, from endothelial cells. 211 DDAVP can be used 
effectively ro increase the amount of vWf in blood donor animals when given 30 to 90 
min prior to blood collection. 232 Increases in the amount of plasma vWEAg may also 
occur with azotemia, 25 * liver disease ,- 2M and other illnesses. 

V, Decreased von Willebrand facronantigen (vWfiAg) (Table 5-5) 

A. Decreased plasma vWEAg is indicative of the vWD trait or a carrier state for it> depend- 
ing on the degree of the decrease. Clinical signs of impaired hemostasis may not be pres- 
ent, The following are common guidelines for ELISA vWEAg results. 23 * 

L Dogs with vWfiAg values < 50% are considered carriers of the vWD trait. They are 
at risk for clinical disease and are likely to transmit the trait to offspring. The risk of 
clinical vWD is greater at lower vWfiAg values. 


Table 5.5. Diseases and conditions that cause decreased vWEAg 

vWDt vWEAg usually < 35% 

"Type 1: all vWf multi mers present but proportionately deficient 
Type 2: deficiency of vWf multi mers with high M r 
Type 3: absence of all vWf multimcrs, vWfiAg 0% 

WD carrier (rarely symptomatic): vWEAg usually 30%-70% 

Notes: Hemolysis or clotted samples may cause marked false decreases in vWEAg values. vWEAg 
units: percent of result for plasma pooled from healthy dogs. 
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2* Dogs with borderline vWfiAg values of 50%-69% are at little or no risk for clinical 
disease but may be carriers that can transmit the trait to offspring. Repeated testing 
may clarify if affected (value < 50%) or nor (value > 69%). 

3. Dogs with type 3 vWD have essentially no vWhAg. 

4. Most dogs that bleed because of vWD have vWftAg values < 35%. 

B. Dogs with 70%— 180% plasma vWl:Ag arc considered free from the vWD trait. They are 
not at risk for clinical disease and have a very low risk for transmitting the trait to off- 
spring. 

C Multi meric analysis h necessary to document type 2 vWD. functional testing may be 

suggestive, 

VI. Genetic tests: Genetic tests have been developed that can detect some vWf gene mutations 
in several breeds of dogs. These tests may prove useful to detect carriers in specific 
breeds. 2 ' 1 ^ 


COAGULATION 


1, Physiologic processes 23,7 

A. Blood, coagulation is intimately associated with endothelial cells, platelets, the fibrinolytic 
system, and other blood cells, but it can be evaluated independently. 

B. Coagulation involves an interconnected series of cniymc-acrivaring steps resulting in the 
formation of thrombin (Factor Ha) and the conversion of soluble fibrinogen (Factor I) 
into an insoluble fibrin plug called the secondary hemostatic plug. 

C. Most steps involve an enzyme, a substrate (fibrinogen, fibrin, or proenzyme forms of 
coagulation enzymes), .and a cofactor (t.g., Factors Va and Villa) assembled and localized 
on a phospholipid surface (e.g> platelet, leukocyte, or endothelial cell membranes) in the 
presence of fCaT 

D. The coagulation cascade or web can be divided into three pathways that can be assessed 
separately m vitro but which have considerable cross talk in viva (Fig, 5.3). 

E. Coagulation factors (Table 5,6) 

1. Enzymatic coagulation factors circulate as inactive proenzymes (zymogens) until they 
are activated. 

They are produced primarily in hepatocytes; the production of Factors II, VII, 

IX, and X is vitamin K-dcpendcnt (Fig. 5,4), The “K" in vitamin K is derived 
front the German /Coagulations vitamin (i.e. T the coagulation vitamin).''" 

Factor IX is sex-linked; its gene is on the X chromosome. 23 ® 1 ^ 

Half-lives of proenzymes in health: In humans, half-lives range from a few hours 
(Factor VII) to several days (Factors 11 and XIII); most ate about 1-2 days. Values 
are presumed to be similar for domestic mammals, 
d* Most enzymatic factors arc not directly destroyed during coagulation; the activat- 
ed factors are completed by inhibitors, and the complexes are cleared by hepato- 
cytes or the MPS. Enzymatic degradation of some enzymatic factors (c.g., Factor 
XIII by plasm in) does occur. 

2. Nonenzy matic coagulation factors include fibrinogen, protein pro-cofactors (Factors 
V and VIII), fO-% and phospholipid. 

a. Fibrinogen is a positive acute-phase protein produced by hepatocytes. It has a 
half-life of 2-3 days in healthy dogs,’ 14 and it is consumed during coagulation by 
thrombin cleavage to fibrin. 


a. 


b. 


c. 
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Fig* 5.3. The coagulation cascade begins with activation of the extrinsic (TF) or intrinsic (Factor XII) path- 
ways and remits in formation of cross-linked fibrin by the common pathway (beginning with Factor X). Bold 
arrows represent what is believed to be the major coagulation pathway in mm, 

* Extrimit pathway: It was originally thought to require extra vascular activation, hence the name extrinsic. 
This pathway is initiated by TF released from, or exposed on, damaged tissue or activated endothelial cells, 
monocytes, or macrophages, fhese cells can be activated by endotoxin and certain inflammatory cytokines. 
TF binds to Factor VI 1 in the presence of fCa i4 and is rapidly activated to Factor Vila in a TF-VIIa com- 
plex. TF-VIla rapidly activates Factor X (common pathway) and Factor IX (intrinsic pathway) in the pres- 
ence of fCsr - and phospholipid (PL). 

* Intrinsic pathway; It was originally considered the pathway activated by intravascular (intrinsic) factors,. This 
pathway is initiated by so-called contact activation, the activation of Factor XU by contact with a negatively 
charged surface. In mm, this could be subendorhelial collagen exposed at the site of vascular injury. In vitro t 
kaolin, diatomaceous earth,, or glass surfaces may be involved. 

o Once formed, surface-bound Factor XI la facilitates the binding of HMWK to the activating surface, prob- 
ably by enzymatic cleavage of HMWK. Because HMWK circulates in association with PK and Factor XI, 
all four contact activation (actors (PK, HMWK. Factors XI and XHa) become closely associated. 

Factor XHa. activates PK to kaJlikrein, which enzymatically produces more kallikrein and more Factor 
XI la in a potent amplification pathway. 

* Factor XI la cleaves Factor XI, yielding Factor XI a, which cleaves Factor IX in the presence of fCa :- to 
form Factor IXa. Factor IXa then binds to the PL surface (in the presence of fCa 2 "), and there, in associa- 
tion with Factor Villa (activated mostly by thrombi nh it cleaves Factor X to form Factor Xa. 

* Common pathway: I his is the common end to the extrinsic and intrinsic pathways, beginning with the acti- 
vation of Factor X. Factor Xa complexes with Factor Va (activated mostly by thrombin) and fta 2 * on a 
phospholipid surface to form the active pro thrombi mast complex, which results in the enzymatic conversion 
of prothrombin (Factor II) to thrombin (Factor U a). Thrombin then cleaves its many substrates (not all 
shown), which include: 

° Fibrinogen: Fibrinopeprides A and R arc cleaved from fibrinogen to form fibrin monomers, which poly- 
merize into fibrin polymers. 

- Factor XI II: Proteolytic cleavage of Factor XIII leads to activation: Factor XJlIa, in the presence of fCaT, 
cross-links fibrin and reinforces the secondary hemostatic plug, 
v Protein pro-cofactors (Factors V and Factor VI 11): Proteolytic cleavage leads ro oo factor activation and 
accelerated coagulation. 

® Factor XI: Thrombin activation provides positive feedback on the intrinsic and common pathways 
through Factor XJa. 

* Protein C: Forms activated protein C which inactivates Factors Va and Villa, and promotes fibrinolysis 
via t PA. 
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Table 5,6, Coagulation factors, abbreviations* 

and roles 

Factor 

Name 

Pathway 

Function 

I 

Fibrinogen 

Common 

Substrate for thrombin— converted to fibrin 

u 

Prothrombin 

Common 

Proenzyme: Ha (thrombin) cleaves fibrinogen 
and activates V, VIII, XI, XIII, protein C, 
and platelets 

in 

Tissue factor (TF) 

Extrinsic 

Cofactor: TF binds and activates VII, and the 
TF-VJIa complex activates IX and X 

IV 

Ionized calcium (free) 

All 

Cofactor for [la. Vila, IXa Xa, and XIHa 

V 

PtuatOclcrin 

Common 

Pro-cofactor for Xa 

VII 

Proconvertin, 
stable factor 

Extrinsic 

Proenzyme: Vila activates IX and X 

VIII 

Antihemophilic factor 

Intrinsic 

Pro-cofactor for IXa 

IX 

Christinas factor 

Intrinsic 

Proenzyme: IXa activates X 

X 

Stuart factor, 

Scuart-Prower factor 

Common 

Proenzyme: Xa activates II 

XI 

Plasma thrombo- 
plastin antecedent 

Intrinsic 

Proenzyme: XTa activates IX 

XII 

Hageman factor 

Intrinsic 

Proenzyme: XI h activates XI, PK, and 

HMWK 

XIII 

Fibrin stabilizing 
factor,, fibrinase 

Common 

Proenzyme: XI I la cross-links fibrin and 
protects it from plastron degradation 

HMWK 

Fitzgerald factor 

Intrinsic 

Cofactor for activation of XII and XI 

PF3 

Platelet factor 3 

Intrinsic, Negatively charged platelet membrane 

common lipoprotein important for in vivo activation 

of X and II 

PK 

Fletcher factor 

Intrinsic 

Proenzyme: kali Herein activates XI t and PK, 
generates bradykinin from HMWK, and 
leads to plasmin generation 


b. Factors V and VIII markedly accelerate coagulation by fad I i taring surface attach* 
men i and Localization of coagulation factors, 

(1) Factor V production may occur in hepatocyies* megakaryocytes, lymphocytes, 
and vascular smooth muscle cells. 240 Its half-life is about 0.5- 1.5 days, and if 
is consumed by protein Ca (activated protein C) during coagulation. 

(2) Factor VIII production may occur in multiple cell types* but hcpatocytes 
appear to be most important- It is sex-linked; its gene is on the X chromo- 
some. 241 It circulates in a noncovalent complex with vWh but it is distinct 
from vWf. The half-life of human Factor VIII is about {}.5 days, but it is less 
in the absence of vWf, its carrier protein, k is consumed by protein Ca dur- 
ing coagulation, and it is a positive acute-phase prate in. 2 ■' ' 1 

c. EDTA, oxalate, and citrate function as anticoagulants by binding fCa 2 * and pre- 
venting it: from interacting with coagulation proteins. 

F. Physiologic inhibitors of coagulation help prevent excessive coagulation; deficiencies are 
associated with thromboembolic disease. Some of the inhibitors can be measured. 

L ATI 13 is the major inhibitor of coagulation enzymes. It is a protein (M r » 58,000) 
produced primarily by hepatocytes. It binds, inactivates, and removes most coagula- 
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F%- 5-4. C 'oagulaiion Factors It (prothrombin). VII, IX, and X arc synthesized primarily in hepatocytcs. 

Vitamin K is required for these factors to be functional. i-c,. they are vitamin K dependent, 

■ Vitamin K is ingested and also produced by intestinal bacteria. As a fat-soluble vitamin, it is absorbed with 
lipid that is digested by lipase and emulsified by the action of bile adds. 

* In hepatocytes, vitamin K becomes reduced to its active form (reduced vitamin K). Reduced vitamin K is a 
cohetoc lor vitamin K-dependent carboxylase, the enzyme responsible for posttranslational gamma- 
carboxylation of glutamic acid residues in these coagulation factors, Carboxylarion is needed, so that the fac- 
tors can bind ITj-\ which induces conformational changes and allows binding to phospholipid membranes. 

* Reduced Vitamin K becomes oxidized to Vitamin K epoxide during carboxylariom requiring enzymatic 
reduction before it can again function as a cofactor for vitamin K-dependem carboxylase. 

* Carboxylated Factors II, VII, IX, and X enter the blood, where they can be activated to participate in enzy- 
matic reactions of the coagulation system. 


tion enzymes— most importantly thrombin, Factor IXa, and Factor Xa — 'from circu- 
lation via receptor* on hepacocynes. 244 ATI 1 1 -enzyme complexes are rapidly cleared by 
hepatocytes. ATI 11 activity is markedly enhanced by heparin (exogenous, or endoge- 
nous from mast cells) and heparan sulfate on endothelial cells (Fig, 5.5), 

2, Protein C {the stands for the third [a. b, ej fraction eluted from a column)* 4 * is a 
vitamin K-dependenr proenzyme anticoagulant (M r ** 62,000) produced in hepato- 
cyres, It circulates in plasma with a half-life of 8-10 hr in people. It can be activated 
by thrombin, primarily when thrombin is bound to thrombomodulin, a protein, 
thrombin receptor present on most endothelial cell membranes. Protein Ca then 
inactivates Factors Va and Villa by proteolytic cleavage in the presence of Factor V 246 
and membrane-bound protein S {the “S" stands for Seattle, where the protein was 
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Fig* 5.5, ATI II is the major physiologic anticoagulant in blood. It is produced primarily by hepatocytes, and 
it circulates in the blood* where it can inactivate thrombin (shown here) and the other coagulation enzymes. 
As shown schematically* ATI 1 1 activity is markedly enhanced in the presence ol circulating heparin or heparan 
sulfate on endothelial cells (1), Heparin or heparan sulfate hind to lysine sites of ATI 1 1 (2), inducing a confor- 
mational change in ATI 1 1 (note larger triangular notches) that increases its affinity for thrombin. Thrombin, 
generated from the activation of prothrombin, then binds to the heparm-ATlLl complex* forming a covalent 
1:1 complex with ATI 1 1 (3). The thtornbin-ATllJ (TAT) complex dissociates from the heparin or heparan 
sulfate and is cleared from circulation by hepatocytes, The heparin and heparan sulfate act as catalysts and are 
available (4) for forming more complexes. Aiuicoagulation by ATM I -heparin limits excessive clotting, but 
ATI II -heparin docs not inhibit coagulation enzymes bound to fibrin or platelets. Therefore* localised and 
controlled coagulation can. proceed where needed, 

* Decreased plasma (ATI II] occurs via consumption when there is increased intravascular coagulation or after 
injection of exogenous heparin. (Nonphysiologic pathways arc rep resented by dotted arrows.) Decreased 
concentrations may also occur from decreased hepatic production or from excessive renal loss due to 
prole in-losing nephropathy. Decreased ATITI produces a prorbrombotic state that heparin cannot resolve 
because heparin requires ATI 1 1 for most of its function. 

* Increased plasma [ATI III may occur with increased hepatic production of ATI I L Thi s may occur secondary 
to- the production of inflammatory cytokines. 
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first described), 2 ‘ n Protean S is a vitamin K-dt pendent, nonenzyrnatic cofactor pro- 
disced by endothelial cells, hcpatocytcs, and megakaryocytes. Additional anticoagula- 
tion occurs by this pathway because thrombin hound to thrombomodulin cannot 
cleave fibrinogen* and the complex is internalized and degraded by endothelial cells. 
Also* protein Ca promotes fibrinolysis. 

3, I FPT (M t « 40,000) circulates in platelets and in plasma, mosdy bound to lipopro- 
teins, In the presence of fCa : % TFPI inhibits TF-VJ la by forming a stable quaternary 
complex; 'IT- VI la- Factor Xa-TFPL 347 This inhibits further generation of Factor Xa 
via IF- VI la. 

4, Other circulating inhibitors of coagulation include heparin cofactor II, a*- 
macroglobulin, and oq- proteinase. 

IT, Analytical concepts 

A. Assay optimization for one species (e.g.* human) does nor necessarily optimize for other 
species A 41 * :n! Veterinary assays for routine coagulation testing are nor standardized and 
many are not optimized for the species being rested. This compromises [heir sensitivity 
to detect impaired coagulation, 

B. Proper sampling arid sample handling are critical for accurate results from most coagula- 
tion assays, 

C. Sample collection 

1 , Use a citrate vacuum tube or plastic syringe containing the right amount of citrate 
for the volume of blood to be drawn. Sampling through nonheparinized catheters 
may be done, if necessary, after flushing the catheter with 5 mL saline and discarding 
at least the first 5 mL of blood removed (at least 6 times the catheter dead 

space) Sampling through heparin bed catheters should be avoided, though a 
similar flush and discard approach produced results for healthy dogs char did not dif- 
fer significantly From direct venipuncture results, 2 ^ 

2, Care should be taken ro minimize activation of platelets and the coagulation and fib- 
rinolytic systems. Traumatic venipuncture exposes blood to TF, thus initiating coagu- 
lation that can result in dotted samples or platelet activation and clumping. Freely 
flowing blood should be collected by "dean" venipuncture on the first attempt. 
Probing with the needle, sampling through a hematoma, or exiting and reentering 
the vein will expose the blood to TF and activate the pathways to be tested, ff collec- 
tion is difficult, a new vein should be selected. Excessive vacuum may cause turbu- 
lence and platelet activation. The first Few drops or a complete tube may be discarded 
to decrease TF in the test sample. The blood and anticoagulant should be mixed 
immediately and thoroughly, but gently, 

D. Sample 

1 . Most coagulation resist cit rated plasma 

2 + Point-of-care instruments: cit rated whole blood or cit rated plasma 
3- ACT: whole blood in special ACT tubes containing diaromaceous earth 

4, Lee-White WBCT: uncoagulated whole blood tested immediately 

5. For derated samples, plasma or whole blood should he anticoagulated with trisodium 

citrate at a 1:9 (anticoagulantiblood) ratio using 3.2% or 3,8% citrate tubes (check 
with laboratory for preference). The citrate concentration significantly affects the 
results of coagulation tests on human samples (3,2% is usually recommend- 
ed) and if can have significant effects on some results with canine samples, 

The magnitude of the effect is not known for most conditions or most species, but a 
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standard citrate concentration with reference Intervals generated using that citrate 
concentration! instrument, and method are recommended. 

6. Similarly, it is important io maintain the 1:9 citrateiblood volume ratio because 
overc it rated samples (too little blood) may have reduced coagulation activity (pro- 
longed times) and undercitrated samples (too much blood) may be hypcreoagulablc 
(reduced times)* Problems associated with subop timal filling of human samples 
appear to be greater with 3.8% citrate tubes than with 3-2% citrate tubes. 

7. Even with the correct blood volume, Hct may affect the appropriate amount of cit- 
rate to use. With anemia, plasma may be undercitrated because there is more plasma 
with the same amount of citrate (reduced coagulation times); with crythrocytosis, 
plasma may be overc it rated because there is less plasma with the same amount of cit- 
rate (prolonged coagulation times). 2 ™ 

a. Decreased citrate:blood ratios are recommended when Hct > 55% in people. 2 ^ 
Increased ratios may be indicated for Hct < 25%. 

b. To maintain the desired anticoagulant concentration in a 3 ml. sample, approxi- 
mately 50 pL less anticoagulant should be used for each 10 percentage- point 
increase in Hct above 45%. 

E, Sample processing and stability 2 ''- 1 

h Except for ACT and Lee- White WBCT assays, samples may be refrigerated or kept at 
room temperature for up to 4 hr (FIT assay for non heparinized patients, TT assay, 
coagulation factor analyses) or up to 24 hr (PT assay) before processing. However, a 
good general recommendation is to centrifuge and remove plasma within I hr (room 
temperature storage) and test within 4 hr of sample collection, because this time 
frame is necessary for certain tests and certain samples.’ 60 

2, After confirming the absence of dots in the sample, blood should be centrifuged for 
10-15 min at high g-force (e.g., 15 min at 1500 X g), and the platelet- poor plasma 
should be removed by plastic pipette. If the plasma cannot be tested within 4 hr, it 
should be frozen. Excessive platelets { 10,000/pL to 20(M)00/pL) remaining in the 
plasma as a result of inadequate centrifugation forces will not interfere with PT and 
FIT assays for routine diagnostic work but will interfere with heparin monitoring 
(via FIT assay) and tests for other inhibitors of coagulation** 6 l, - r ' 2 

3. Frozen human plasma may be stored for 2 weeks at -20 & C or for 6 months at *7(FC 
before testing, but frost-free freezers should be avoided. Stability studies of common 
hemostatic analytes in canine plasma suggest a similar stability at -7CFC for all plas- 
ma tests but PTT.* 63 Frozen plasma should be mailed with ice to arrive within 24 hr. 
Samples should be thawed rapidly to minimize cryopreci pirate formation and there- 
fore loss of hemostatic factors. They should be tested immediately after thawing, 

FIT may be affected by freezing. Concurrently collecting, processing, and mailing a 
sample from a healthy patient of the same species can be used as evidence that sam- 
ple handling did not induce abnormal results. 

4* Samples hemolyzed by in vitro factors should not be tested because coagulation and 
platelets may have been activated by the same factors responsible for hemolysis. 
Plasma should not: be placed in a “serum tube" containing a clot activator; this will 
promote coagulation, 

F. Instruments-; A variety of automated coagulation analyzers, including point-of-care 
instruments, are replacing manual methods of measuring coagulation t imes for human 
and veterinary samples. Specific methods and .sample requirements vary with the 
analyzer 
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Fig- 5-6* Schematic representation of the coagulation cascade as evaluated by in tttftv screening coagulation 
tests. 

Fibrin formation is the endpoint for each test, PTT and ACT evaluate coagulation lactors in the intrinsic 
arm {Factors XU, XI b IX, aid VI II) and common pathway (Factors X, V, II, and I), FT evaluates the short 
extrinsic arm (Factor VII) and the common pathway, Tl assesses only the conversion of fibrinogen (Factor I) 
co Fibrin with the addition ol thrombin. 


G, General analytical approach: In vitro analysis allows independent testing of different parts 
of the coagulation web* simplified to a T, so that defects may be Localized within the 
intrinsic, extrinsic, or common pathways (Fig. 5.6). Testing generally begins with com- 
mon screening tests; more specialized tests can be used, when indicated. 

111. Whole blood clotting time (WBCT) 

A. Lee-White methods 2 *' 4,36 '* 

1. A standardized, but rarely used, insensitive method of screening for defects in the 
intrinsic and common pathways using nonaniicoagulated whole blood immediately 
after collection; contact activation of coagulation is initiated by the glass tube, 

2. Protocols require multiple analyses, standardization of blood volume, clean glass test 
tubes of a standard size, and a water bath (25*-37*C). Several modification s of the 
method have been used.^' Variations in protocol* including venipuncture technique, 
blood volume, glass tubes size and coating, temperature, and sample Hct, influence 
the results. 

3. Reported reference values are 4—15 min for horses and cattle, 3-13 min for dogs, and 
about 8 min for cats.'*’* Longer times (8-21 min) were found in a group of nine 
healthy dogs, 267 

4. When confounding variables are controlled, prolonged times indicate severe defects 
in the intrinsic and/or common pathways, including those caused by coagulation 
inhibitors (see PTT below), 

B. Activated coagulation (dotting) time (ACT) 

1. Point-ot-carc whole blood screening coagulation test of the intrinsic and common 
pathways 

2. Principle and method (conventional visual method) 

a. Contact activation: Blood (2 mL) h drawn by atraumatic jugular venipuncture 
into a prewarmed OT^C) ACT vacuum tube containing silaceous (diatomaccous) 
earth, which activates the contact (intrinsic) pathway. 

b. The blood is mixed by five inversions and the tube is incubated (37^0 for GO s. 
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The tube is then checked (visually white tipping it) every 5 or 10 s for the first 
definite evidence of a clot. 

c. The time from contact of blood with, sikceous earth to the initial definite signs of 
a clot is the ACT. 

d. Units: seconds (nearest 5 or 10 s* depending on frequency of inspection) 

3. Interpretive considerations 

a. Interpretation is similar to PTT (sec below), but the test is generally less sensitive, 

b. Severe thrombocytopenia (<, 10,000 pJacelets/pL) is commonly stated m prolong 
ACT because of decreased phospholipid availability. However, there is very little 
documentation of this statement.^ 2615 

c. A standard protocol should be followed because modifications of the protocol 
may affect expected values. Variations have related to syringe versus vacuum col- 
lection, incubation temperature (various axillary temperatures versus a heating 
block), length of initial incubation period, and frequency cf inspection for dots, 

4. Prolonged ACT: indicates decreased m vitro function of the intrinsic or common 
pathways (see note to Table 3,7) 

5. ACT may be used to monitor heparin therapy (target ACT * 1 .2 times baseline). 

6. Automated pomt-of-care instruments are available and manufacturer recommenda- 
tions should be followed. 

IV. Activated partial thromboplastin time (PIT, A PTT* a PTT)' 

A. A screening coagulation test of the intrinsic and common pathways 

B. Principle and method 

l„ Contact activation: Citrated test plasma is incubated (37°C) with an excess of ptoco- 
agulant phospholipids (partial thromboplastin) and a contact activator (e.g., kaolin, 
silicates* ellagic acid) to activate the intrinsic pathway via Factors XI 1 and XI; the 
chelation of fCa 2v by citrate in the sample limits activation beyond Factor Xla, 

a. Partial thromboplastin consists of procoagulant phospholipids devoid of TF and 
therefore it is unable to activate the extrinsic pathway (Factor VII). 

b. In the original PTT assay, the glass tube (not added particulates) activated, the 
intrinsic pathway. 271 In order to differentiate the two tests, the current test is 
often referred to as the activated partial thromboplastin el me (AP1T, aPTT). 
However* both tests require activation* and the original test is not rout indy- 
done. 

2, After a defined incubation time, a measured amount of pre warmed (37°C) CaCI : is 
added to counteract the effects of citrate and allow the cascade of coagulation to pro- 
ceed to the formation of fibrin monomers* which polymerize to form an insoluble 
fibrin dot that is detected optically or elcctromechanically* depending on the instru- 
ment, The time from addition of CaCf to dot detection is the PTT 

3, Pomt-of-care instruments are available and manufacturer recommendations should be 
followed. 

4, Units: seconds (usually reported to nearest 0.1 s, though reporting to the nearest half 
second or second may be more appropriate for some methods) 

C. Interpretive considerations 

1, Laboratory-specific and species-specific reference intervals must be used because 
results vary substantially with variations in species* analyzers, reagents, and protocols. 
Also* values in healthy newborns (< 24 hi old) may be greater than reference intervals 
established for adults." 
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Table 5*7. Diseases or conditions that cause prolonged PTT 

Deficiencies of functional intrinsic or common pathway coagulation factors 
Acquired (usually multiple defects) 

Decreased p rod uccion 

’"Hepatic disease (necrosis, cirrhosis* portosystemic shunt) 

Vitamin K antagonism or deficiency 

''Decreased vitamin K recycling in hepatocytes: anticoagulant rodenticide ingestion , 
Coumadin overdose, moldy sweet clover ingestion (Meliiotos spp.) 

Decreased vitamin K absorption: biliary obstruction, infiltrative bowel disease, 
chronic oral antimicrobials, EPl 
Increased coagulation factor inactivation /consumption 
•"DIG 

Localized consumptive coagulopathy 

Dilution of coagulation factors: aettre, massive blood loss treated with crystalloid and 
Colloid fluids, including Oxyglobin® solution 
Hereditary (usually single defect) 

Intrinsic pathway: PK, XII, XI, IX, VU'I 
Common pathway: X, V* IL I 

"Inhibition of intrinsic or common pathway coagulation factors: heparin* PDFs* antibodies to 
phospholipids* antibodies to coagulation factors 

Not*'. ACT may also be prolonged in most conditions, 

2„ TTie test is relatively insensitive* but* for optimized assays, results should be prolonged 
when there is at least a 70% decrease in single factor activity. Milder reductions in 
individual factor activities may be detected when multiple factors are affected. 

3* FIT assayed at 37"C may overestimate in vivo coagulation in markedly hypothermic 
patients because enzyme activities are temperature dependent 

4. Lipemia, hemolysis, Oxyglobin® solution* and icterus interfere with PTT assays that 
detect clot formation optically 

5. Excessive citrate or improper handling (delayed processing, old sample, inappropriate 
temperature) may prolong PTT. 

D* Prolonged PTT: Indicates decreased in vitro function of the intrinsic or common path- 
ways (Table 5.7). Pure deficiencies of Factor XII or PK are typically not associated with 
clinical hemorrhage, bur they are associated with prolonged PTT results in most assay 
sys terns. Prolonged FIT resulting from PK deficiency may be corrected by increasing 
the incubation time of plasma with a particulate contact activator, or by using dlagic 
acid for contact activation. 27 * Unexplained prolongations in PTT* without other evidence 
of impaired hemostasis, have been reported in cats. 277 
E* Shortened PTT is not reliable for detecting hypercoagulability, though increases in, 
Factors V and VI 1 1 with inflammation may tend to shorten the PTT 
F. P IT is used to monitor heparin therapy (target PTT * 1.5 times baseline), 

V, Prothrombin time (PT)* also called one-stage prothrombin time (OSPTI assay 
A* A screening coagulation lest of the extrinsic and common pathways 
R. Principle and method 

L Test plasma and a Ca 2, -thromboplastin reagent (containing phospholipid and excess 
TF) are separately prewarmed (37*C). 
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Table 5.8. Diseases or conditions that cause prolonged FT 

Deficiencies of functional coagulation factors in the extrinsic or common pathway 
"Acquired (usually multiple defects): see Table 5.7 
Hereditary (usually single defect) 

Extrinsic pathway: VII 
Common pathway: X,. V, IK l 

inhibition of coagulation factors in the extrinsic or common pathway: heparin, FDPs, 
antibodies to phospholipids, antibodies to coagulation factors 


2„ A measured amount of pre warmed Ca i+ -thromboplastin reagent: is forcibly added to a 
measured amount of pre warmed plasma to allow TP activation of factor VII in the 
extrinsic pathway Activation should proceed along the common pathway to result in 
formation of fibrin monomers, which polymerize to form an insoluble fibrin clot that 
can be detected optically or electromechanically, depending on the instrument. The 
time from plamo-thromhoplmtin mixing to dot detection is the PT 

3. Different thromboplastin reage ms produce different results, 276 Some appear to be 
affected by P1VKA, which interfere with the generation of thrombin and inhibit 
coagulation in vitro * 

4. Reagents and plasma may be diluted to lengthen PT and increase the sensitivity for 
detecting abnormalities. 

5. Poim-of-care instruments are available and manufacturer recommendations should be 
followed, 

6. Units 

a. Seconds (usually reported to nearest 0.1 s, though reporting to the nearest half 
second may be more appropriate for some methods) 
k May be reported as a unities INR for monitoring warfarin therapy (sec below) 

C Interpretive considerations: same as given above for PTX Unless used to monitor ’war- 
farin therapy, PT values are best interpreted relative to- a valid reference interval. 

D. Prolonged PT: indicates decreased in vitro function of the extrinsic or common path- 
ways (Table PT is less sensitive to heparin than PTT, but it may be prolonged 
with certain thromboplastin reagents when blood contains therapeutic heparin concen- 
tration s * m 

E. Shortened PT is not reliable for detecting hypercoagulability, 

F. PT is used to monitor warfarin therapy (target PT * 1 ,5-2.0 times baseline). 

CL INR: unitless ratio {Eq, 5,1 ) used to help standardize the reporting of PT values to cor- 
rect for differences in thromboplastin reagents among laboratories.-''" (In Eq. 5.1, refer- 
ence PT is the mean ol a valid reference interval for the species In question, not a ran- 
dom control sample value* The 151 [International Sensitivity Index] is a number deter- 
mined and provided by the thromboplastin reagent manufacturer for each lot of reagent 
using a particular PT method, ISK which reflects the relative sensitivity of the reagent to 
factor deficiencies, is determined by calibration against an international reference prepa- 
ration. Thromboplastins with higher 151 values arc less sensitive than thromboplastins 
with lower JSI values.) 


INR = 


Patient PT 


J.SJ 


(5*1) 


>pyrigf 
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1. Developed and used Foe monitoring oral anticoagulant therapy (warfarin) in people 

2, May allow more meaningful comparisons of PT results between laboratories but does 
nor eliminate significant intertaboratory differences 3 * 1 

3- Examples using the INR 

a. Different patients and different thromboplastin reagents but the same PT value 

(1) Patient #1 , IS I = L5: PT - 12.0 s; reference mean = 8*0 s (Eq. 5. 2, a.) 

(2) Patient #2, IS I = 23: PT = 12.0 s; reference mean = 8,0 s (Eq. 5.2.b.) 

(3) Patients #1 and #2 had the same PT (12.0 s) when patient #2 was tested with 
a less sensitive thromboplastin reagent (greater IS.I), The amount ofanricoag- 
illation was actually greater for patient #2, despite the same PT value. This is 
reflected by a greater INR. 

b. Different thromboplastin reagents but the same patient sample 

(1) Patient #1, IS I - 1.5: PT = 12.0 s; reference mean = 8.0 s (Eq. 5. 2. a.,) 

(2) Patient #1. LSI - 2.3: PT = 10.3 s; reference mean a 8.0 s (Eq, 5.2.c.) 

(3) When Patient #1 was tested with the less sensitive reagent (greater ISI), the 
PT was only 10.3 s but die INR, and therefore degree of anricoagularion, was 
unchanged. 


Patient#! INR = 
Patient #2 INR - 


Patient #1 INR - 


f 

k 

( 


1,5 


12,0 


= 1.8 

( 5 . 2 . a .) 

8.0 



12.0 


= 2.5 

( 5 . 2 . b .) 

l 8.0 j 




\ 

24 



10,3 


= 1.8 

( 5 . 2 . C .) 

To , 





4. A reliable reference mean for the species in question is required for valid use of the 
INR; this requirement mostly restricts its use to veterinary diagnostic laboratories. 
Substituting a control value for the reference mean is not acceptable. 


VI, Thrombin time (TT), also called thrombin clotting time (TCT) 

A. Assesses the thrombin* induced conversion of fibrinogen to an insoluble fibrin dot 

B. Principle and merhod 

1. Thrombin is added to p re warmed test plasma (37°C); thrombin should cleave fib- 
rinogen to form monomers, which should polymerize into an insoluble fibrin dot 
that can be detected optically or electromechanically, depending on the instrument. 
The time from thrombin addition to detection of a fibrin dot is the TT 

2. Units: seconds (usually reported to nearest 0.1 s) 

C. Interpretive considerations: TT should be differentiated from TT C | a|W> which uses- diluted 
plasma and high thrombin concentrations to give a better measure of functional fibrino- 
gen concentration, 282 Lab-Specific reference intervals should be used for interpretation 
because of method variations d** 

D. Prolonged TT 2 ®* 

1 . Hypofibrinogenemia or afibrinogenemia: increased consumption from localized coag- 
ulation or DIG, congenital deficiency (rare), possibly from decreased production 
resulting from hepatic failure; TT prolonged because of inadequate fibrinogen to 
form a fibrin clot 2 **' 21 * 8 
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2. Dysfibrinogenemia: hereditary or acquired production of abnormal fibrinogen (rare); 
acquired form may occur with a variety of liver diseases; polymerization of fibrin 
impaired because of abnormal fibrinogen molecules 2 **" 2 11 * 

3. Heparinized patient or sample: heparin interferes with thrombin activity via ATI II; 
can monitor heparinization with 11 ZK ■ 

4. Increased J.FDP] : interfere with fibrin polymerization and thrombin's action on fib- 
rinogen; 2 ^ can monitor fibrinolytic therapy with I f 

5. Paraproteinemia: Sonic abnormal immunoglobulins from multiple myelomas may 
interfere with fibrin polymerization . m 

6. Systemic amyloidosis (reported in people): Plasma from affected patients may contain 
an inhibitor of fibrin polymerization. ' 

7* Hyperfibrinogenemia; Rarely, in people, hyperfibrinogenemia has prolonged theTT, 
but the cause is not dear. 293 

8, TT is unaffected bv decreased activity of any coagulation factor other than fibrinogen 
(including Factor XI 11). 

E. Shortened TT: It may occur with increased or activated clotting factors, or with soluble 
fibrin in the sample, but it is not a reliable measure of hypercoagulability. 

VII. Fibrinogen 

A, Fibrinogen activity (TT a4llH ); 2S2 - 244 ' 2lM a modification of the TT in which plasma is dilut- 
ed so that fibrinogen concentration is rate-limiting for coagulation, and in which greater 
concentrations of thrombin are used to override much of the inhibition caused by 
heparin and FDR TT ( | JkLa values of known fibrinogen concentrations are used to con- 
struct a reference (standard) curve from which test plasma [fibrinogen! can be estimated, 
h ITcLuu is inversely proportional to (fibrinogen] when high concentrations of 

inhibitors and dysfibrinogenemia are absent. 

2- TT CJaw is measured in seconds, but values for [fibrinogen] are read from the refer- 
ence (standard) curve and reported in units of mg/d L 

3, Heparin will, not interfere at clinically therapeutic concentrations in human samples, 
but it will interfere at high concentrations occurring after bolus injection, with inap- 
propriate blood collection from a heparinized catheter, or with blood collected Into a 
heparinized tube,. 

4, FDP have a minimal effect on TT clj!ij . t in human samples unless present at high con- 
centrations concurrently with hypofibrinogenemia. 

B. Fibrinogen antigen: Anti fibrinogen antibodies are used to detect fibrinogen antigen by 

immunoassay. Prolonged TT and IT n wirh decreased fibrinogen antigen supports 

hypofibrinogenemia. Prolonged TT and 1 1 (:Uim without decreased fibrinogen antigen 
supports dysfibrinogenemia (rare). 

C Fibrinogen concentration by heat precipitation: This technique is not precise or accurate 
enough for use 'in hemostasis testing. 

D. Interpretive considerations; Plasma ffibrinogen] reflects the balance between production 
and consumption, not production or consumption alone. The accelerated consumption 
of fibrinogen during hypercoagulable states maybe masked by increased production 
associated with inflammation or pregnancy." 6,2 ^ Values in healthy newborns (< 24 hr 
old) may be lower than reference intervals established for adulis. 2T *' % 

VIII. Other specific coagulation factors 

A, Other specific coagulation factor assays maybe used in specialized veterinary laboratories 
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Tabic 5^9. Hereditary coagulation factor deficiencies reported in animals 


Pathway 

Factor 


Expected 

coagulation 

test results 

Condition 

PTT 

PT 

TT 

Extrinsic 

VII 

Factor VII deficiency 

WRj 

T 

WRI 

Intrinsic 

PK 

Prcka 1 1 i krei tl deficiency 

T 

WRI 

WRI 

XII 

Hagenian trait 

T 

WRI 

WRI 

XI 

Factor XI deficiency 

t 

WRI 

WRI 

IX* 

Hemophilia B 

t 

WRI 

wri 

VHP 

Hemophilia A 

T 

WRI 

WRI 

Common 

X 

Factor X deficiency 

T 

T 

WRJ 

V 1 ’ 

Factor V deficiency 

T 

T 

WRI 

tl 

Hy pop ro thrombi ne m la 

T 

t 

WRI 

1 

Hypofibrinogencmia or afibrinogenemia 

t 

t 

T 

Co m bimed 

iLviijx,x 

Vitamin K -dependent coagulation factor 
deficiency 

T 

T 

WRI 


1 X- linked recessive transmission; rarely occurs in females, 
h May be thrombccytopenic or have prolonged BMBT. 


if screening tests and clinical findings suggest factor deficiencies; they may be used to 
characterize acquired deficiencies but: usually are done to identify hereditary deficien- 
cics 21 *- 2 * 7 '™ (Table 5,9). 

B, Factor deficiencies are indicated if dilution of test plasma with normal plasma corrects 
prolonged PT or PTT (provides missing factor), whereas failure to correct coagulation 
times supports the presence of an inhibitor. 

C, Clotting assays for specific factors; assess the ability of the patient plasma to correct the 
PT or PTT of specific factor-deficient plasmas 1 ” 

L The PTT (used for evaluating intrinsic pathway factor deficiencies) or PT (used for 
evaluating extrinsic or common pathway factor deficiencies) of the known factor- 
deficient plasma should correct with addition of diluted patient plasma if the patient 
plasma contains the missing factor. However, the PTT or PT will not correct if the 
patient plasma has the same factor deficiency 
2 t To determine the amount of factor activity in the test plasma, a reference curve 
(coagulation time versus reference plasma dilution) is generated from mixtures of 
known factor-deficient plasma and serial dilutions of species-specific pooled plasma 
considered to have 100% factor activity prior to dilution. Using the reference curve, 
observed dotting times for dilutions of the test plasma are converted to units of per- 
cent activity relative to the reference plasma pool. The reference plasma pool is con- 
sidered to have 100% activity (units of U/dL or U/mL relative to the plasma pool 
with activity of 100 U/dL or TOO U/mL, respectively are also used). 

D, Chromogen it: assays; assess the ability of a factor or oo factor to lead to enzymatic cleav- 
age ot a substrate, thus, producing a detectable color change that is proportional to the 
amount of factor or cofactor present'™ 
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IX. Proteins induced by vitamin K antagonism or absence (P 1 VKA) 

A. PIVKA are the incompletely gamma-carboxylated vitamin K-dependent coagulation (ac- 
tors (e.g,, des-7-carboxy prothrombin, often referred to as PIVKA- II because prothrom- 
bin is coagulation Factor ID that are produced by hepatocyies during periods of vitamin 
K antagonism, absence, or deficiency (see Major Bleeding Disorders, IF B below),- 1 In 
these conditions, plasma concentrations of normally carboxylated coagulation factors are 
decreased, and PIVKA are secreted and circulate in the blood at increased concentra- 
tions. The potential of PIVKA to become activated to functional coagulation enzymes is 
severely limited. 

B. Clinical immunoassays are used in human medicine to specifically and directly measure 
plasma [ PIVKA b but they are not used in veterinary medicine. They can detect abnor- 
malities in the vitamin K-dependent factors that PlVKA-sensitive coagulation tests can- 
not Charge differences between PIVKA and their carhoxylatcd forms also allows for 
detection by high-performance liquid chromatography, 503 

C Increased plasma [PIVKA] may occur with vitamin K deficiency vitamin K antagonism, 
or as a result of production by malignant hepatocytes in human patients with hepatocel- 
lular carcinomas.-’ 03 

D. The Thrombotest PT, a modification of the PT assay that is PIVKA-sensitive, has been 
referred 10 as a PIVKA test, bur it is not specific for PIVKA and does not directly meas- 
ure |PlVKAl. 34Hi - w It is a PT test that detects decreased activities o( coagulation Factors 
ID VI J, and X from any cause. Factor V and fibrinogen are not assessed because they are 
provided in the assay In addition, if PIVKA are present in the sample, the Thrombotest 
PT will be further prolonged because PIVKA appear to act as competitive substrates that 
delay the generation of thrombin, PIVKA do not appear to interfere with functional fac- 
tors in vim. m 

L The Thrombotest PT assay is sensitive to abnormalities induced by anticoagulant 
rodenticides in dogs, but it also detects other acquired coagulopathies and hereditary 
Factor VII deficiency of beagles. i ~ B - taf7, * wl 

2 . Prolonged Thrombotest PT values were present in cats with a variety of hepatic or 
inflammatory bowel diseases, most without clinical evidence of a bleeding tendency. 

a. In a subset of these cats treated with vitamin K h Thrombotest PT values were 
WRI 3-5 days after treatment was instituted, indicating that prolonged 
Thrombotest PT values were at least transiently vitamin K responsive, 

b. While the assay appears sensitive in cats, its specificity for clinically significant 
bleeding tendencies is unknown, 

X, Russell viper venom time (RVVT); The test is not widely available. Direct activation of 

Factor X by venom of the Russell's viper leads to a dot; prolonged clotting times Indicate an 

abnormality of die common pathway (Factors X, V, If or [). 

XL Endogenous anticoagulants 

A, Antithrombin HI (ATI! I): assayed to provide information about a patients anticoagulant 
status 

1. Plasma A I 111 is usually measured by chromogenic (functional) assays rather than 
immunoassays that detect ATI II antigen but not function. 1 * 3 

2 , Principle and method: Test plasma is added to a reagent containing heparin and 
excess thrombin or excess Factor Xa and also containing the corresponding 
chromogen -labeled substrate for thrombin or Factor Xa, The more ATI! I present In 
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the test plasma, the less activity of thrombin or Factor Xa, and therefore the less color 
change, which is measured spectrophotometries! ly, 

3. Units: percent activity compared to a species-specific plasma pool considered to have 
100% activity (has been similarly expressed as percent activity compared to human 
plasma, in which case the results may vary considerably because of species differences 
in ATNI activity) A®*'-' 1 1 ATI 11 also has been, reported in U/mL or U/dL* where l 
U/rnL or 100 U/dL, respectively, are arbitrarily assigned as the mean values of the 
reference sample pool. 

A Stability: ATI 11 appears to be stable in cit rated plasma for 6 months at -7(FG and for 
6 weeks in whole blood stored at 4°C. 31 1 

5. Interpretive considerations 

a. Foals and human neonates have been shown to have plasma ATI II activities that 
arc substantially lower than adult values. 11 *'- 11 - This must be considered when 
interpreting ATI II values in young patients* especially in the absence of age- 
matched reference intervals. 

b. ATI 1 1 activity may be overestimated when measured by some thrombin chro- 
mogenic assays because heparin co factor II activity may be detected in addition to 
ATI IE activity 31 1,313 

6- Decreased ATI 11 activity 30 ** 311 - 31 '* (Fig. 5.5) 

a. Decreased production 

(1) Inherited deficiencies: occur in people as type I (decreased antigen and activi- 
ty, a quantitative disorder) and type II (decreased activity but normal 
amounts anti gen ically, a qualitative disorder); 313 nor repotted in animals 

(2) Liver disease (including portosystemic shunts): 516 may cause or contribute to 
AT11J deficiency in several ways, including decreased production related to 
decreased hepatocellular mass 

(3) Inflammation: ATI 1 1 was shown to be a negative acute phase protein in 
human liver cells and in baboons, 11 " 7 although increased ATI II activity has 
been suggested to reflect a positive acute phase response in rabbits 318 and 
cats.'^ W|l> 

(4) Estrogens: may contribute to ATI 1 1 deficiency by causing a mild to moderate 
decrease in ATI II synthesis 312,3210 

b. AT IM loss: Like albumin, ATI 1 1 may be lost from the body in animals with 
protein -losing nephropathy and, possibly, with protein- losing en tenopathy \ i2] uri- 
nary loss of ATI 1 1 without a concurrent impairment of coagulation contributes to 
severe thrombotic disease in nephrotic syndrome patients* though other factors 
are involved. 311 

c. Increased hepatic clearance of ATIlI-enzyme complexes 

(1) Localized or disseminated consumptive coagulation states cause decreased 
plasma ATIII activities when hepatic clearance of ATI U-enzyme complexes 
exceeds ATIII product t ion; 282,31 1,3 16,313 decreased ATI II activity may be either a 
cause or an effect of hypcncoagulable states, 

(2) Heparin therapy: accelerates the use and, therefore, hepatic clearance of 
ATIII, leading to decreased plasma activity; 324,335 because ATIII is required for 
heparin’s full anticoagulant effects* patients with subnormal AT HI activities 
are expected to have diminished responses to heparin and may be heparin 
resistant. 126 

7. I nereased ATI 1 1 activ i ty 
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a. Of unknown diagnostic utility but not considered a problem 

b. Cortisol: Mildly to moderately increased A I M[ synthesis has been associated with 
exogenous cortisol administration in dogs/'-'" but dogs with hypcradrenocorticism 
had decreased ATI! I activity (evidence for a hypercoagulable state), 127 

c. Inflammation: may increase ATIII synthesis as pan of the positive acute phase 
response in some species, including cms, 179 " ,IMtM1,> 

d. Cats made taurine deficient had greater plasma ATIII activities than they had 
prior to being fed the taurine-deficient diet,’ " and cats with cardiac disease and 
hyperthyroidism had increased ATI 1 1 activities.* 1 '' A role for thyroid hormones in 
increasing plasma ATIII activities in cats has not been reported but could be com 
sidered. 32 ®" 330 

8.. Thrombin -anti thrombin III (TAT) complexes: [TAT) is measured to assess for activa- 
tion of coagulation, especially latent coagulation that is not otherwise apparent. 
Increased plasma [TAT. 1 indicates an increase in local or systemic thrombin genera- 
tion;, which is associated with thromboembolic disease or hypercoagulable states. 131 " 333 
Decreased hepatic clearance of TAT complexes could theoretically contribute to 
increased plasma [TAT]. Increased [TAT] may occur without appreciable decreases in 
ATIII activity. 

a. Equine and canine plasma TAT complexes have been measured with a human 
ELISA, primarily for research purposes, 3 ^ 7 333 [TAT] is reported in units 
of pg/L 

b, TAT complexes may readily form in vitro if collection techniques are poor and 
coagulation occurs.. 356 

B. Protein C: assayed to provide information about a patients anticoagulant status; low 
plasma concentrations or activities predispose to thrombosis 

1. Protein C is assessed infrequently in veterinary medicine, mostly for horses. Antigen 
concentration can be measured i mm uno logically, 337 or activity can be measured by 
dor- based or amidolytk-hased functional assays. 33 * Antigenic assessment does not 
detect functional deficiencies, including those induced by vitamin K antagonism or 
deficiency. Results of functional assays vary with the method, and species-specific 
modifications may be required. 33N,34 ° Results are reported as percent activity or anti- 
gen relative to a reference plasma pool considered to- have 100% activity or antigen. 
Protein C antigen (not activity) values in healthy neonates (< 24 hr old) may be 
lower than reference intervals established for adults. ;v 2?s 

2. Decreased protein C activity may occur with hereditary deficiencies (type I, anti- 
genic; or type 0* functional 341 ), consumptive coagulation. 342 vitamin K antagonism 
or deficiency (protein C is vitamin K-dependenr), decreased protein S (cofactor of 
protein C, which also is vitamin K-dependent), liver disease, anciphospholipid- 

p rote in antibodies that inhibit the function of protein $ or protein C directly, or with 
abnormalities of factor V. 31VV,<U43 Protein C activity (not antigen) values in healthy 
neonates (< 24 hr old) may be greater than reference intervals established for 
adults.' 72273 

FIBRINOLYSIS 

1. Physiologic processes 

A, Fibrinolysis is the enzymatic degradation of fibrin. It counteracts coagulation and helps 
restore normal vessel architecture and patency after hemorrhage has been controlled with 
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a secondary hemostatic plug. Fibrinolysis is normally localized to the hemostatic plug. 
When coagulation, occurs, plasminogen (inactive zymogen} binds to the forming fibrin. 
r-PA released from stimulated endothelial cells binds to the fibrin-plasminogen complex 
and proieolytically cleaves plasminogen to form plasmin. Plasmin enzymatically degrades 
fibrin, fibrinogen. Factors Va and Villa, vWfi and other prothrom boric factors. Plasm in 
released into circulation is rapidly inhibited, primarily by otj-antiplasmin. The activa- 
tion of plasm in is promoted by protein Ca and inhibited by PAI, which protein Ca 
inactivates, 

B, Plasmin degradation of fibrin and fibrinogen produce FDP (Fig, 5.7h which can be 
measured to assess fibrinolysis, 

C FDP appear to be cleared from circulation by the liver (hepatocytes and macrophages) 
and kidneys (via catabolism or excretion). W ,WT Nonhepatic parts of the MPS may also 
'be involved. 34 * 349 

II. Fibrin or fibrinogen degradation products (FDP) 

A, Purpose: to detect increased fibrinolysis associated with excessive coagulation: also detects 
i increased fi bri nogenolys is 
B„ Sample: serum or plasma 

1 . Serum assays: Blood is- collected into special tubes containing thrombin or Botrox 
atmx venom (reptilaseh either of which can be used to consume fibrinogen via coagu- 
lation. Soybean trypsin inhibitor or ap re tin in are present to inhibit plasmin and 
therefore in vitro FDP formation. 


Kg» 5*7. Schematic representation of the formation of cross-linked fibrin from fibrinogen (thin arrows) and of 
the plasm in- mediated degradation of fibrinogen and fibrin to form FDP (thick arrows), 

* Fibrin formation: Fibrin is formed from fibrinogen, an elongated molecule that has a central E region and 
peripheral D regions. When thrombin is generated, it cleaves fibrinopeptides A and. B from the E region of 
fibrinogen to form fibrin monomers. Unlike fibrinogen, fibrin monomers can polymerize (noncovalcntly) to 
form protofibrils of two or more strands (two shown here). Thrombin also activates Factor Kill to Factor 
XII la. which cross-1 inks adjacent D regions of different fibrin monomers to form stable cross-linked fibrin 
protofibrils. These can associate to form larger fibrin fibers (nor shown) and a stable clot or thrombus, 

* FDP formation; Plasmin cleaves fibrin and fibrinogen at specific sites to form several fibrin and fibrinogen 
fragments called fibrin and fibrinogen degradation products, collectively referred to as FDP 

o Fibrinogen: Fibrinogen is cleaved to form Fragment X and smaller fragments referred to as BBmj arid Act 
polar appendages, Fragment X is further degraded to fragments D and Y, and fragment Y is degraded to 
fragments D and E. 

o Non -cross- linked fibrin.: Note that the degradation of non-emssd inked fibrin is similar, differing Only 
he cause of the removal of fi bri nopeptides A and B from fibrinogen during the formation of fibrin. Fibrin 
monomers and non -cross-linked protofibrils are degraded to form fragment X' and smaller fragments 
BPi^j and An polar appendages. Fragment X' is further degraded to fragments D and Y\ and Fragment 
V is degraded to fragments D and Eh 

» Cross-linked fibrin: Plasm in-mediated degradation of cross-linked fibrin produces a different set of FDP 
because of the covalent bonds formed by Factor XI I la between adjacent D regions. Initial degradation of 
crow-1 inked fibrin yields the large fragments DD/E', ¥'D/DY\ and Y'Y7DX r D. These are further 
degraded to give a variety of smaller FDP including D -dinners, which can be measured, 
o Antigenic similarities of FDP produced from fibrinogen and fibrin make the current FDP assay nonspe- 
cific for fib ri nogenolys is. or fibrinolysis (with or without cross-linking). However, D -dimer assays allow 
specific detect ion of fibrinolysis after fibrin cross-linking, and increased values therefore indicate that 
there has been both coagulation and fibrinolysis. 
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2. Plasma assays: Blood is collected as for screening coagulation tests (sec Coagulation, 

11 above); titrated plasma is used. 

3. As for other tests of hemostasis, care must be taken to prevent: or minimize coagula- 
tion during collection and processing. When plasma is the test sample* dotted sam- 
ples should be discarded. 

4 . Stability: often recommended to test plasma within 24 hr when stored at 4' D C and 
within 20 days when frozen at -20°C 

C. Analytical concepts 

1 . Assays are latex agglutination immunoassays.^ 0 Dilutions of test serum or plasma are 
incubated with latex beads coated with antibodies to human FDP; agglutination of 
the beads indicates increased FDP 

2. Antibody specificity 

a. The specific reactivity of assay antibodies with different FDP fragments from vet- 
erinary species is not known, but cross- reactivity of some polyclonal reagents with 
canine FDP has been shown* m The sensitivity and specificity of various assays in 
the detection of FDP in various species is also not known, but clinical correla- 
tions with disease support that there is at least partial cross- reactivity. 

b. Plasma assay: uses a monoclonal antibody to FDP that does not react with fibrino- 
gen, thus allowing use of plasma (which Contains fibrinogen) aS the test sample 

c. Serum assay: uses a polyclonal antibody to FOP that also binds fibrinogen, thus 
necessitating the in vitro removal of fibrinogen with reptilase or thrombin 

3. Unit: usually pg/ ml. (may also be reported in ng/mL or pg/L); reported semi- 
quantitatively as (I) less than a low cutoff (e.g., < 5 pg/mL with plasma tests, < 10 
pg/mL with serum tests: considered normal), (2) increased (5-20 pg/mL with plasma 
tests, 10—40 pg/mL with .serum tests), or ( 3 ) increased more (> 20 tig/mL with 
plasma test, > 40 pg/mL with serum rest) 

4. Interpretive considerations 

a. Prozone: With high [FDP], agglutination may occur at the greater dilution but 
not at the lesser dilution. 

b* False results: Serum assay results may be falsely decreased by FDP incorporation 
into the dot as it forms . m They may be falsely increased by incomplete removal 
of fibrinogen from the .sample due to the presence of dysfibrinogenemia (rare) of 
heparin (if thrombin rather than reptilase is used to activate clotting). ^ 
Generation of FDP during blood collection can cause false increases with plasma 
or serum assays. 

c. Values in apparently healthy neonates may be greater than reference intervals 
established for adults, 272 27 11 

d. Values in apparently healthy elderly people are often, increased, probably related 
co changes in clearance rates or to an increased incidence of occult disease.* 54 

D. Increased l FDP] 

1. Occurs in numerous different diseases and conditions in which at least one of the I ol- 
io wing is present:’^ 
a. Increased fibrinolysis 

(1) Localized intravascular coagulation (c.g, t isolated thrombosis or thromboem- 
bolism) 

(2) Disseminated intravascular coagulation 

(3) Internal hemorrhage in body cavities or tissues; Bloody fluid collected from 
body cavities after hemorrhage contains high concentrations of FDR and 
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increased blood [FDP] have been measured in such affected patients. - w > Cause 
and effect can he difficult to determine, but hemorrhage into body cavities or 
tissues may cause increased blood (FDP]. However, increased sc: rum [FDP] 
was not detected in dogs when hemorrhage into tissue was experimentally 
mimicked by pumping blood from the jugular vein to rhe peritoneal cavity or 
to muscle. 3 * 7 

h. Increased fibrinogenolysis: requires hyperplasm inemia or high local concentra- 
tions of plasm in; not specifically assessed in veterinary medicine; may arise with 
certain cnvenomai tons; 106 occurs from administration of plasminogen activators 
(e.g., r-PA); 3 * 8 may accompany fibrinolysis associated with thrombotic disease; 1 ' 1 " 
may arise from excessive endothelial release of t-PA> for which causes are not 
clearly defined but may include hypotensive shock* surgical trauma, and heat- 
stroke^ 0 

c. Decreased FDP clearance: Decreased hepatic clearance may contribute to the 
increased [FDP] in some patients with liver disease. 34 Decreased renal function 
may contribute to increased [FDP} in. some patients with renal failure. 344 
Theoretically, decreased MPS activity could contribute to increased [FDP]. 

2. Effects of increased [FDP] on other hemostatic functions and tests: PT. PTT. TT, 
ACT, and WBCT may be prolonged and platelet function may be impaired because 
FDP have anticoagulation and antiplatelet effects. They compete with fibrinogen for 
the active site of thrombin, and thus may inhibit the conversion of fibrinogen to fib- 
rin. 36 136 - They compete with fibrinogen for platelet binding sites, and thus may 
inhibit platelet aggregation. 363 They associate with fibrin monomers and may disrupt 
normal po ly m eri zatio n. lK ' '■ 3 * 4 

III, D-dlmer 

A. Purpose: to detect increased fibrinolysis secondary to excessive coagulation; does not 
detect fibrinogenolysis because antibodies react only with FDP formed from cross- 1 inked 
fibrin (Fig. 5.7) 

B. Sample 

1 . Usually ci traced plasma collected and handled as described above for FDP analysis 
and coagulation assays. As with the FDP assay, when scrum samples are used, in vitro 
D-dimer formation must be prevented, and loss of D-d i mere into the clot may occur. 

2. Stability: It is recommended to test plasma within 24 hr when stored at 4 t3 C and 
within 20 days when frozen at -20 c C.^ 

C Analytical concepts 

1. Assays detect D-dimers or x-oligomers, which are larger fragments of plasm in- 
digested fibrin containing the D-dimer antigen. 3 * 6 

a. Assays developed for human D-dimer measure mem are immunoassays. They vary 
In method* sample, and antibody used. Their utility in animals, which is being 
evaluated, varies with assay and species. 3 * 1 ' 36 ‘ 

b. Immunoturbidimetric (quantitative) and latex agglutination tests (semi quantita- 
tive) have been evaluated or used in animals. 363,366 

2. Antibody specificity: specificity of the test antibodies for D-dimers of veterinary 
species has not been proven 

3. Unit: pg/mL, ng/tnE, or pg/L 

D s Increased plasma [D-dimer]: Interpretation is similar to that for increased [FDP], except 
that values should reflect only increased fibrinolysis (not fibrinogenolysis) or decreased 
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clearance of fibrin degradation products (not fibrinogen degradation products) by the 
liver or MFS. y *» lJ 

IV. Other assays may be used to measure fibrinolytic components (e,g., plasminogen, a 2 * 

and plasm in > |-PA, plasminogen activator inhibitor- 1, fibrinopeptide A) or fibrinolytic activi- 
ty (euglobuEin lysis time test, th rom boelas tographv) , but they are not widely used in clinical 
settings and will not be discussed here. 

BLOOD VESSELS (ENDOTHELIAL CELLS) 

Although blood vessels (especially the endothelial cells) are very important in maintaining normal 
hemostasis, their assessment in the clinical pathology laboratory is limited primarily to tissue biopsy 
and histologic evaluation (e,g„ for vasculitis or thrombosis). Vascular lesions are usually obvious 
when hemorrhage h the result of surgical or accidental vascular trauma. Diseases involving small ves- 
sels, such as RMSF and equine purpura hemorrhagica, may be associated with pctcchiac and ecdiy- 
moses caused by combinations of direct vascular damage, thrombocytopenia, and thrombopathia. 
Hemostasis testing may help exclude ocher disorders, but it will not provide a specific diagnosis, 

MAJOR BLEEDING DISORDERS: FINDINGS AND PATHOGENESES 

L Diagnosis: The diagnosis of bleeding disorders requires knowledge of the general types of 
bleeding disorders, consideration of clinical findings, accurate interpretation of hemostasis 
test results, and recognition of hemostasis test patterns, 

A. Types of bleeding disorders 

L Blood vessel disorders: typically identified by nonhcmostatic tests («,g„ gross exami- 
nation, imaging, serology, biopsy)* but: hemostatic tests are useful to exclude primary 
blood disorders and may provide diagnostic clues because of secondary changes in 
blood constituents (e.g., thrombocytopenia with vasculitis) 

a. Large vessels: surgical or nonsurgical trauma, invasion, aneurysms, anomalies 

b. Small vessels: vasaili tides (infectious, immune-rnediated, chemical), vascu- 
lopathies (rare) 

2, Blood disorders: typically identified by hemostatic tests 

a. Impaired primary hemostasis: thrombocytopenia, thrombopathia, vWD 
br Impaired secondary hemostasis: hereditary or acquired defects in coagulation 

c. Excessive fibrinolysis: DIG, some enve nomat ions 

B, Clinical findings: essential for establishing a final diagnosis, but the bleeding pattern, 
breed, and age may be of particular value in directing diagnostic plans 

1. Bleeding pattern 

a. Petechiae and ecchy moses should prompt consideration of severe thrombocytope- 
nia or thrombopathia, though concurrent defects in secondary hemostasis may 
also be present. Vascular diseases may cause similar hemorrhages. 

b. Subcutaneous hematomas and hemorrhage into body cavities suggest defects in 
secondary hemostasis, especially when petechiae and ecchymoses are absent. 
However, hematomas may form with platelet defects. 

c. Hemorrhage through mucosal surfaces (t.g,, eplstaxis, gastrointestinal hemor- 
rhage, prolonged estral bleeding) may occur with thrombocytopenia, rhnom- 
bopathia, vWD, or defects in coagulation. Prolonged hemorrhage secondary to 
venipuncture or surgical or non surgical trauma is also not specific. 
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Table 5. 10, Possible causes of abnormal results for the major tests of hemostasis 

Test or analyte 

Result 

Possible causes 

ACT 

t time 

Defect in intrinsic and/or common pathways 

ATI 11 

4- activity' 

Renal loss, consumptive coagulation, or decreased production 
(become hypercoagulable) 

BMBT 

t time 

Thfom bocyropen i a, thrombopathta, vWf deficiency, anemia 

Clot retraction 

T time 

Thrombocytopenia, thro mho path ia 

Coagulation 

X activity 

Hereditary or acquired factor deficiencies (hypucoagukblc 

factors 


state) 

D -dimers 

r concentration 

Fibrinolysis (secondary to coagulation), decreased clearance 

FDP 

f concentration 

Increased fibrin(ugen)olysis h decreased clearance 

Fibrinogen'' 

4 concentration 

Decreased hepatic production, increased consumption (may 
be hypocoagukblc) 


I" concentration 

lnflam mation, dehydrat ton 

Protein C 

X activity* 

Decreased hepatic production, abnormal production (vitamin 
K antagonism or absence), loss, consumption (may be 
hypercoagulable) 

FT 

T time 

Defect in extrinsic and/or common pathways 

PTT 

1 time 

Defect in intrinsic and/or common pathways 

RVVT 

time 

Defect in common pathway 

TT 

^ time 

Hy pofibrinogenem aa» dysfibrmogenemla, heparinized patient 
or sample, increased FDPs 

vWfiAg 

X concentration 

vWD or vWD carrier 


r concentration 

Exercise, excitement, pregnancy, vasopressin 


a Chromogcnic assays assess activity, but there are immunologic assays that assess concentration: proteins 
may be present but not functional , 

b For assessment of hemostasis, fibrinogen concentrations are usually determined from Tl'.-i values; 

11 ri ]U „ values arc inversely correlated with fibrinogen concentrations unless prolonged by high concentrations 
of heparin or higjh concentrations of F DPs when fibrinogen concentrations are low; 

' L Chromogcnic assays, assess activity, but immunologic assays assess concentration! concentration may be 
WRI while activity is decreased if there is abnormal production of protein C (e„g.. vitamin K antagonism or 
deficiency). 


2. Breed and age 

a. Breed predispositions for inherited diseases may help in selection of appropriate 
diagnostic tests.™ 

b, Hemorrhage in a young animal should prompt consideration of an inherited 
defect of platelets {Table 5.4), vWf, or coagulation, factor deficiency (Table 5.9) if 
another cause is not apparent. Mol ecu Ur genetic resting may be available for 
some characterized mutations in some affected and carrier animals (c.g„ vWD). rl 

C. Hemostasis tests: A summary of available screening and specialized hemostasis tests is 
shown in Table 5 JO to- aide in selection and interpretation of specific tests. 

D. Major patterns of hemostasis test results: Hemostasis in the bleeding patient is best eval- 
uated by multiple tests {hemostasis profiles). Examples of the major patterns of common, 
hemostatic test results in bleeding patients are shown in Tabic 5.1 3 . 

1. Pattern 1: Prolonged BMBT without thrombocytopenia or severe anemia suggests 
vWD ora thmmboparhta. vWf analysis or platelet function studies may be indicated. 
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Table 5-11. Interpretation of the major patterns of common hemostasis test results 

Pattern 

PT 

PTT 1 

FDI* 

Fibrinogen 11 

Platelets 

BMBT 

Interpretation^ 

1 

WRI 

WRI 

WRI 

WRI 

WRJ 

t 

Throm bopath ia , vWl>' 

2 

WRJ 

WRI 

WRI 

WRI 

i 

T 

1 ’hrom bocytopcn ia 

3 

WRI 

T 

WRI 

WRI 

WRJ 

WRI 

Intrinsic pathway defect 1 

4 

T 

WRI 

WRJ 

WRI 

WRI 

WRI 

Factor VII deficiency^ 

5 

T 

f 

WRI 

WRI 

WRI 

WRJ 

Common pathway defect 
or multiple defects 

6 

T 

f 

WRI 

a 

WRI 

WRI-t 

Dys fibri nogenem ia or 
afibrinogenemia 

7 

t 

f 

f 

i 

4 

t 

Fulminant DIO 


* ACT would mirror P [ I results in most diseases but may be less sensitive and therefore WRL 
h Plasma [FOP] may increase with hemorrhage into body cavities and tissues {.see text), 

* For assessment of hemostasis,, fibrinogen concentrations are usually determined from TT C](J1W values;, 
TTV-i ,.^ values are inversely correlated with, fibrinogen concentrations unless prolonged by high concentrations 
of heparin or high concentrations of PDFs. 

d See text for expanded interpretive comments, 

* PIT may occasionally be increased with, canine vWD if Factor V||| is concurrently deficient, 

f Pattern may also occur with early stages of hepatic disease or vitamin K antagonism or deficiency. 

* Pattern only applies to severe* fid mi nan r form of D1C 


Specifically defining thrombopathias may be difficult. P i 1 may occasionally be 
normal or prolonged with canine vWD if Factor VIII is concurrently deficient 
enough. 

2, Pattern 2: Prolonged BMBT associated with moderate to severe thrombocytopenia 
on be explained by the thrombocytopenia, though concurrent defects in platelet 
function or vWf cannot be excluded. BMBT testing is not indicated in patients with 
moderate to severe thrombocytopenia because prolongations of BMBT are expected 
and thus will not add new information, 

3, Pattern 3: Isolated prolongation of PTT is indicative of an intrinsic pathway defect* 
though insensitivity of the PT assay may mask other abnormalities. 

a. Acquired: Hepatic disease; heparin contamination of the sample (e.g., inappro- 
priate collection from a heparinized catheter) or heparin therapy should be 
considered. 

b. Inherited: Hemophilia A and B caused by deficiencies of Factor VIII and Factor 
IX, respectively are most common (extremely rare in females because they are X- 
linked recessive traits) and may be associated with severe hemorrhage. 

Deficiencies in Factor XII are not associated with hemorrhage. PK deficiencies are 
associated with little or no hemorrhage. Deficiency of Factor XI is associated with 
mild hemorrhage, usually in response to trauma. 

4, Pattern 4 : Isolated prolongation of PT is indicative of an extrinsic pathway (Factor 
VII) defect. 

a. Acquired! Vitamin K antagonism, or deficiency should be considered. Factor VII 
has the shortest half-life of the vitamin K-dependent factors, and three of the five 
factors in the extrinsic/common pathway are vitamin K -dependent. Therefore, the 
PT may be affected by vitamin K antagonism or absence before the PTT* espe- 
cially when using a PIVKA-sensitive PT method. 
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b. Inherited: Factor VII deficiencies are rare and associated with mild hemorrhage, 
usually in response to Trauma, 

5 . Pattern 5: Prolonged FT and P 11 without other screening abnormalities suggest 
multiple factor deficiencies or a common pathway defect (excluding afibrinogenemia 
or dysfib ritiogenem ia, which would be associated with hypofib ri ndgencm ia), 

a. Acquired: Combined deficiencies of vitamin Independent factors (II, VI I, IX, X) 
caused by vitamin K antagonism or deficiency, in which case hemorrhage may be 
severe and thrombocyropenia may be present. Increases in, [fibrinogen] and 
decreases in [FDP] have been reported in people receiving warfarin, and may 
occur in other species. Hepatic disease should also be considered, especially il fib- 
rinogen concentration or activity is low- normal. Variations of this pattern seen 
with hepatic disease include combinations of increased [FDP], decreased [fi hr i no- 
gen], thrombocytopenia, and prolonged BMBT. 

b. Inherited: Rare inherited Factor X. or Factor 0 deficiency could be considered and 

■■ 

may be associated with severe hemorrhagic tendencies. A similar clinical and labo- 
ratory pattern could be caused by rare hereditary defects in vitamin K-dependent 
carboxylase (Devon rex cats). 

6* Pattern 6 

a. Acquired: Hepatic disease is a consideration for this pattern (see discussion of pat- 
tern 5). Consumptive coagulation (e,g„ DK '} could also be considered, but 
thrombocytopenia and increased [FDP) are usually expected with D1C. 

b. Inherited: A marked decrease in fibrinogen concentration or activity along with 
prolonged PT and PIT should prompt consideration of rare inherited dysfibrino* 
genemia or afibrinogenemia. Severe hemorrhagic tendencies arc expected and 
BMBT may be prolonged. 

7* Pattern 7: Prolonged PT and PTT with increased [FDP], hypofibrinogcncmia, and 
thrombocytopenia are typical of fulminant DIG, whatever the cause. Such a patient 
would appear very ilk likely with evidence of multiple organ damage. Findings with 
hepatic failure could be similar. 

n Pathogenesis: The pathogeneses of hemorrhagic defects in primary hemostasis have been dis- 
cussed, Inherited disorders of secondary hemostasis are the result of various genetic alter- 
ations char result in decreased, absent, or abnormal production of hemostatic factors* 
Acquired bleeding disorders often have a more complex pathogenesis. The pathogeneses of 
hemostatic abnormalities in selected acquired bleeding disorders are discussed below. 

A. Hepatic disease 277 

1, Bleeding is uncommon but may occur if hepatic failure is severe or if it is associated 
with DIG. Other laboratory evidence of hepatic failure would be expected in a 
patient bleeding because of the hepatic failure, 

2, Abnormal hemostatic test results and their potential causes 

a. Prolonged PT, PTT, ACT, 1 f: decreased hepatic production of coagulation fac- 
tors because of decreased, functional hepatic mass (including portosystemic 
shunts? 73 ); abnormal production of vitamin K-dependent coagulation factors 
because of decreased vitamin K absorption secondary to cholestasis or* possibly, 
decreased food intake 

b. Increased (FDP): decreased hepatic clearance of FDP and plasminogen activators; 
increased FDP production (fibrinolysis) because of accompanying intravascular 
coagulation, which is sometimes disseminated 
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c, Thrombocytopenia: increased splenic sequestration resulting from port'd hyper- 
tension and splenomegaly; consumption secondary to accompanying intravascular 
coagulation 

4 Prolonged BMBT: thrombocytopenia: acquired thrombopathia 
c. Decreased [fibrinogen]; decreased hepatic production; consumption secondary to 
accompanying intravascular coagulation 

f. Decreased ATI D; decreased hepatic production; consumption secondary to 
accompanying imra vascular coagulation 

g, Thrombopathia: increased [FDPJ; unknown causes 

3. Results of routine hemostatic tests are not good predictor* of surgical hemorrhage in 
human patients with hepatic disease 373 ' of of hemorrhage induced by collecting liver 
biopsies, 287 This is likely because the net balance of all antithrombotic and prothrom- 
botic processes is not altered as much as the function of the isolated processes that are 
tested, 

EL Vitamin K antagonism or deficiency 

1, Vitamin K antagonism; Bleeding is common, 

a. Vitamin K antagonists may be ingested in several forms* 

(1) Anticoagulant rodenticidcs, e,g„ eoumarin, warfarin, pindone, fodand fonts, 
bromadiolo nc» brodifacoum, and diphacinone; specific rodenricides may be 
detected by high performance liquid chromatography. 

(2) Sweet clover or sweet vernal grass containing bishydroxycoumarin, a metabo- 
lite produced from the actions of certain molds (cattle) 374,37 ^ 

(3) Warfarin therapy: overdose, or displacement from plasma proteins by addi- 
tional protein -binding drugs (e*g., phenylbutazone) 

(4) Excess sulfaquinmaline, a coccidiostat with vitamin K antagonistic effects 3,76,3,7 * 1 

b. Once absorbed, these compounds inhibit the enzymatic recycling of oxidized vita- 
min K back to its reduced and functional form in hepatocytes, thus leading to 
production of coagulation factors with decreased functional potential (Fig. 5.8). 237 
When normal coagulation factors in the circulation (t 'f 2 = 6-40 hr) decrease 
enough, coagulation rimes become prolonged (within 24 hr) 379 and hemorrhage 

mav occur, 

* 

2, Vitamin K deficiency: rarely deficient enough to cause hemorrhage 

a. Vitamin K is absorbed in the intestine after ingestion or production by intestinal 
bacteria. 

b. Causes of clinically significant vitamin K deficiency have not been clarified in 
most species, but: the following should be considered, 

(1) Prolonged anorexia or ingestion of an abnormal diet (normal diets contain 
excess vitamin K) may cause or contribute to vitamin K deficiency. 380381 

(2) Gut sterilization by antimicrobials may cause or contribute to vitamin K defi- 
ciencyA 1 ®'* 12 

(3) Malabsorption of vitamin K (a fat-soluble vitamin) 3 * 4 

(a) Imraheparic or extraheparic cholestasis (decreased fat digestion and 
absorption, therefore decreased vitamin K absorption) 

(b) Intestinal malabsorption diseases (e.g.» infiltrative bowel disease) 

(c) EP1 (decreased fat digestion and absorption, therefore decreased vitamin 
K absorption) 

c. Diminished but not absent vitamin K may lead to a subdinical mixture of nor- 
mal Coagulation factors and PIVKA. Vitamin K supplementation was associated 
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Fig:* 5*8* Effects of vitamin K antagonism or deficiency on hepatocyte production of vitamin K-depcndcnt 
coagulation factors (Factors If VT I i IX* and X), Circled numbers in the figure denote the three following 
processes that result in production of defective Factors II, VII, IX, and X. 

1. Antagonism: Ingested anticoagulant rodemkides or other cou unarms are absorbed in the intestine. In hepa- 
tocyies, they inhibit the enzymatic reduction of vitamin K epoxide back to reduced vitamin K, the form of 
vitamin K required for the vitamin K-dependent carboxylase enzyme to carboxylatc the coagulation pro- 
teins, Failure to recycle vitamin K leads to decreased amounts of reduced vitamin K and increased 
amounts of vitamin K epoxide. Factors II, VJI, IX, and X are still produced, however, and they enter the 
blood and circulate in a permanently nonfunctional state. These non-carboxylated coagulation factors are 
known as PIVKA (proteins induced by vitamin K antagonism) and, in people, can be measured with spe- 
cific antibodies. Plasma vitamin K epoxide concentrations increase (not shown). 

2. Deficiency dm w cholestasis (intrahcpatic or posthepatic): Impaired bile flow results in impaired fill absorp- 
tion because there are not enough bile acids reaching the intestine to properly emulsify ingested fats. 
Consequently, fewer far-soluble vitamins, including vitamin K, are absorbed and a vitamin K deficiency 
may develop. The deficiency* causes impaired carboxyLat ion of vitamin K-dependem coagulation factors, 
despite normal activity rtf reducing enzymes, Non-carboxvlaied factors are produced and enter the blood, 
where they ate known as PIVKA (proteins induced by vitamin K absence)* Amounts of vitamin K epoxide 
would not increase in this case. 

3. Deficiency due to other carnet: Anorexia (decreased dietary intake of vitamin K), decreased vitamin K 
production by intestinal bacteria fe.g,, after antibiotics), intestinal malabsorptive disease, or exocrine pan- 
creatic insufficiency can contribute to or, rarely cause vitamin K deficiency, 
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with a correction of prolonged PI VKA-scn skive PT values in cats with intestinal 
or hepatic diseases. 30 * 

3.. Causes of abnormal hemostatic test results 

a. Prolonged PT, PTE decreased amounts of functional vitamin K-dependent coag- 
ulation factors (U t VI L IX, X); PTT alone, PT alone, or both values may be pro- 
longed* depending on the optimization of the assays and* perhaps, the species 
involved™* 

b. Thrombocytopenia: If present, thrombocytopenia probably results mostly from 
consumption at multiple sites of hemorrhage: when moderate or marked, BMBT 
prolongations would be expected, especially if the patient is anemic* 

c. Other abnormalities: not widely described, but decreased [FDP], including D- 
dimer, and increased [fibrinogen] may result from decreased coagulation and con* 
sequently decreased fibrinolysis; prolonged IT reported in people correlated with 
increases in [fibrinogen Jo 5 * 

4. Rare hereditary defects in vitamin K 'dependent carboxylase produce similar hemostat- 
ic abnormalities, but vitamin K is neither deficient nor antagonized In this disorder, 3114 
C Consumptive coagulopathy: coagulopathy resulting from local or disseminated coagula- 
tion; caused by consumption of procoagulant blood components and the accompanying 
generation of FDP The term consumption refers to the removal of active blood compo- 
nents from circulation via the process of coagulation, 

1 . Clinical signs vary from subclinical to serious hemorrhage, shock, or signs of multiple 
organ failures caused by thromboembolism. 

2. May arise from disseminated intravascular coagulation (D1C): Bleeding is common, 

a. DIC is a syndrome of consumptive coagulation occurring throughout the vascula- 
ture (disseminated and intravascular} and initiated by massive activation of coagu- 
lation and platelets. It may be acute or chronic* compensated or uncompensated, 

b. Coagulation is often initiated by TF release from damaged tissues, neoplastic 
cells, or endotoxin -stimulated cells or by contact activation caused by massive 
endothelial cell damage or activation. Many snake venoms initiate the process by 
activating the common pathway directly, :m ’• 2li7,3HS 

c. When production of procoagulant factors does not keep up with consumption, 
excessive coagulation can lead to defective coagulation (he,, consumptive coagu- 
lopathy). 

3« May arise from localized consumptive coagulation: Bleeding is rare. 1454 

a. Excessive coagulation in a localized area or organ can produce laboratory signs of 
consumptive coagulation and* rarely, clinical bleeding. Correction of the localized 
problem may be curative. 

b. Human examples include aortic aneurysm and large hemangiomas. With these 
conditions, disseminated intravascular coagulation does not occur, but localized 
hemostatic abnormalities may lead to a disseminated intravascular coagulopathy. 
Large cutaneous and splenic hemangiomas and hemangiosarcomas may be exam- 
ples of localized consumptive coagulation in dogs. However, the changes have 
usually been interpreted as DIC. 

4. The patterns of laboratory abnormalities vary considerably and are dependent on 
severity, duration, and underlying or concurrent disorders. Consumptive coagulation 
can be recognized when the typical laboratory and clinical signs accompany a condi- 
tion known to trigger the process. Recognition is difficult when the typical pattern is 
not present. 
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5. Causes of abnormal hemostatic test results. 

a. Hypofib ri nogencm ia: Fibrinogen js consumed as it is transformed into fibrin dur- 
ing excessive coagulation. Because fibrinogen is a positive acute phase protein, 
increased hepatic production may occur in inflammatory states and mask the 
kypofibrinogenemia typical of consumptive coagulation. 

b. Thrombocyiopenia: Platelets are consumed as they patch exposed vascular 
defects, become incorporated into thrombi* or become activated secondary to 
thrombin and other platelet agonists formed in the blood. 

c. Prolonged IT* PIT ACT: hypofibrinogenemia, increased [FDP], and decreased 
functional, coagulation factors 

(1) Once the nonenzymatic coagulation cofactors V and VII] become activated 

to Factors Va and Villa, they are inactivated by protein Ca. Decreased Factors 
V and VI 11 concentrations will develop if activation and inactivation occur at 
a greater rate than production and secretion. 

(2) Coagulation enzymes in the intrinsic and common pathways are bound by 
ATI II and removed from circulation by hepatocytes* Thrombin also binds 
thrombomodulin, on endothelial cell membranes, and the complex is internal- 
ized and degraded. If the rate of enzyme inactivation and removal remains 
greater than the rate of production and release of new proenzymes, plasma 
activity of these coagulation factors decreases. 

d. Decreased ATI 1 1 activity: After ATI 1 1 binds to activated coagulation enzymes, the 
complexes are removed from circulation by hepatocytes. It the rate of removal 
remains greater than the rate of production and release of new ATI II* decreased 
plasma ATI II activity occurs. 

e« Increased [FDP] and fD-dimcr]: With activation of coagulation pathways, there 
is concurrent activation of fibrinolysis and subsequent pbsrnin -mediated degrada- 
tion of fibrin and possibly fibrinogen. This leads to the increased formation of 
FDP including D-dimers, 

f. Prolonged TT, IT fJjull : hypofibrinogenemia, increased [ FDP] 

g. Prolonged BMBT thrombocytopenia; increased [FDP] 

D. Dilutional coagulopathy: Infusion of large volumes of colloid fluids, crystalloid fluids, or 
Oxyglobin® solution (a hemoglobin -based oxygen carrier) to treat massive, acute blood 
loss expands blood volume and transiently dilutes blood components, including coagula- 
tion factors, platelets, vWf, and fibrinogen. This may result in prolonged coagulation 
times and contribute to hemorrhage, but it is not expected to cause hemorrhage 
alone/ "• m3 * 7 Compared to saline, high molecular weight colloids (dextrans, hetastarch) 
may have additional effects on hemostasis, such m causing greater decrements in the 
amount of plasma vWfiAg. The effects depend on the fluid infused, the rate of infusion, 
and the recipient species. 

E. Afibrmogpnemia/dysfibrinogcnemia (rare): 5 * 5 " 5 * 4 Without adequate functional fibrinogen, 
fibrin clots cannot form, thus prolonging PT, PIT ACT. and IT, Because fibrinogen is 
the major inter platelet bridge during aggregation, BMBT may be prolonged. 

F. Inhibition of coagulation factors 3 ** 

L Heparinization: Heparin administration or release from neoplastic mast cells may 

prolong coagulation times and predispose to hemorrhage (see Fig. 5-5 for mechanism 

of action), 

2. FDP: FDP contribute to hemorrhage, prolong coagulation times, and decrease 

platelet function (see Fibrinolysis, ILD.4 above). 
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3. Anti phospholipid -protein antibodies (antiphospholipid antibodies): 262 Rarely report- 
ed in veterinary medicine, 369 these immunoglobulins react with proteins that hind to 
anionic phospholipids, e.g., prothrombin, HMWK, Factor XT, protein C, and pro- 
tein S. They inhibit phospholipid-dependent coagulation tests (e.g., PT, PIT), thus 
prolonging times if the test plasma is sufficiently devoid of platelets (and therefore 
phospholipid). Clinical manifestations are thromboembolic events, not hemorrhage. 
Strict diagnosis requires the following findings: 

a. Prolongat: io n of a ph osphol i p id-dependent coagulat io n assay 

b. Failure of normal, species -specific, pooled, platelet-poor plasma to correct the 
prolonged coagulation times when mixed with patient plasma 390 

c. Neutralization of the inhibitor by increased phospholipid in the test system 

d. Exclusion of other coagulopathies 

4. Antibodies to coagulation factors: 391 This problem in human hemophiliac patients 
receiving multiple transfusions and producing antibodies to the factor they lack also 
has been reported in transfused dogs with hemophilia A and hemophilia B.- W2 ' W3, It 
results in prolonged coagulation times of the affected pathway or pathways because of 
antibody- mediated inhibition of the target protein. Normal pooled plasma does not 
correct the prolonged coagulation times when, mixed with patient plasma; prolonged 
coagulation times reflect an increased propensity io bleed. 

THROMBOSIS 

L Thrombosis is the formation of thrombi within the vascular system. Thrombi are in vivo 
“dots' composed of varying amounts of fibrin and blood cells, Thrombi that form under 
high -How conditions (arterial) contain more platelets. Thrombi that form under low- flow 
conditions (venous) contain more erythrocytes and fewer platelets. 

II. Thrombi form when the normal balance between pro thrombotic factors and antithrombotic 
factors shifts to favor thrombosis (i.e., a hypercoagulahle state, thrombophilia). The specific 
reasons for this shift are not completely understood for many conditions. The shift may 
occur with disorders involving: 

A, Endothelial cell activation or damage 

B. Platelet activation 

C Activation of coagulation 

D. Blood stasis 

E. Inhibition of fibrinolysis 

F. Deficiencies or abnormalities in anticoagulant proteins (e.g., Ad HE protein C, protein S, 
Factor V) or abnormalities of coagulant proteins (e.g., prothrombin) 39 * 

HI. Thrombi may cause clinical signs by obstructing blood flow and causing ischemia, by form- 
ing emboli (fragments) that travel to distant sites and cause ischemia, or by consuming 
platelets and other hemostatic factors that may lead to hemorrhage as discussed above. 
Thrombi may occur in a single area due to local disturbances (e.g., chemical irritants inject- 
ed into the jugular vein) or at multiple sites due to more systemic abnormalities (e.g., DICE 

IV. Clinical signs are variable and depend on the underlying disease and location of the 

lesion (s), e.g. dyspnea with pulmonary' thromboembolism, hematuria with renal infarction, 
and rear limb weakness and no femoral pulses with a distal aortic thrombus. 395 " 399 
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V. Potential hemostatic abnormalities 

A, Increased [D-dimer': evidence of cross-1 inked, fibrin degradation, and therefore intravas- 
cular coagulation 

B. Increased [FDP] : evidence of fibrin degradation ,, but it could be the result of fib- 
rinogenolysis without intravascular coagulation. 

C Decreased ATI 1 1 activity: evidence of consumption due to intravascular coagulation, 
but it may result from ATlIl loss, in which case it may contribute to intravascular 
coagulation. 

D. Increased [TAT]: evidence of increased thrombin generation, and therefore intravascular 
coagulation 

E. Decreased protein C activity: evidence of consumption due to intravascular coagulation, 
but it may result from other causes, such as vitamin K antagonism or hereditary deficien- 
cy, in which case ir may contribute to intravascular coagulation, 

F. Thrombocytopenia; evidence of consumption due to intravascular coagulation, but there 

are many other causes. 

G. Decreased [fibrinogen]: evidence of consumption due to intravascular coagulation, but 
increased production associated with inflammation may mask shortened fibrinogen 
survival. 
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Table 6.1. Abbreviations and symbols in Chapter 6 


CBC 

CD 

CM Mol 

DIG 

DNA 

Epo 

Fe 

FeLV 

G:E 

G-CSF 

GM-CSF 

IL-x 

jM:E 

MDS 

MDS-EB 

MDS-Er 

MDS-RC 

PCR 

WEI 


symbol in tables to indicate relatively common disease or condition 

complete blood count 

cluster of differentiation 

chronic my elo monocytic leukemia 

disseminated intravascular coagulation 

deoxyribonucleic acid 

erythropoietin 

iron 

feline leukemia virus 

granulocyiic:eiythioid 

granulocyte colony stimulating factor 

gran ulocyte/ macrophage colony stimulating factor 

interleukins (x for Arabic numbers) 

myeloid: eryth m id 

myd odysp last ic sy ndrome 

myelodysplastic syndrome— excess blasts 

myelody splast ic syndrome-e ry thro id p redom i nance 

myelodysplastic syndrome-refractory cytopenia 

polymerase chain reaction 

within reference interval 


BONE MARROW: MAJOR CONCEPTS AND TERM'S 

L Indications for bone marrow examinations include the following: 

A, To pursue the possible causes of unexplained: 

1 « Non regenerative anemia, especially persistent 

2. Neutropenia 

3. Thrombocytopenia 

4. Pancytopenia 

3. Lymphocytosis, especially if atypical lymphocytes are seen in blood films or there is 
other evidence of lymphoid neoplasia 

6. Thrombocytosis, especially extreme 

7 , Eryth rocytosis, especially if no evidence of hemoco ncentrarion, splenic contraction, 
or cardio-pulmonary disease 

8, Mastocyremia 

9. Atypical or immature cells in blood films 

10, Hyperproceinemia, especially if no evidence of hemoconcent ration or dehydration 

11. Hypercalcemia 

B. To search for: 

1 . Evidence of metastatic neoplasia, especially of lymphocytes and mast cells 

2. Evidence of iron storage, especially when considering iron deficiency 

3. Evidence of specific diseases: histoplasmosis, leishmaniasis, myeloma, storage 
diseases 

II. Different meanings of mye £&- : The prefix myelo- has several meanings and thus a word begin* 
nifig with myelo- must be interpreted in context of the sentence. 
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A. Myth- or myelo< combining form denoting relationship to bone marrow; however* often 
used in specific reference to spinal cord or for ihe non lymphoid hemic cells (myeloprolif- 
erative disease) 

B. Myeloid: pertaining ro or derived from bone marrow or pertaining to leukocyte pre- 
cursors (myeloidrerythroid ratio); having appearance of the myelocyte; pertaining ro 
spinal cord 

C. Myelocyte; intermediate precursor cell of the granulocytes; any cell of the grey matter of 
the nervous system 

D. Myelitis; inflammation of bone marrow; inflammation of spinal cord 

E. Myelogenous* produced in bone marrow 

HI. Nomtnclaui re for eryth roid p rccurso ns 

A. in veterinary medicine* ihe nucleated erythroid precursors are named using a rubri pre- 
fix. The cells within the series are the rubriblast, proruhricyte* basophilic rubrkyte, poly- 
chromarophilic rubricyte, normochromic rubricyre* and metarubricyre. 

IT In human medicine* the nucleated erythroid precursors are named using cither eryth rob- 
last or normoblast terms. In the normoblast series* the cells are pronormoblast* 
basophilic normoblast* polychromacophilic normoblast, and orthochromatic normoblast. 
Similar adjectives are used in the eryth roblgst series, 

C, Accordingly an increased concentration of nucleated erythroid precursors in the blood is 
called rubricytosis in veterinary medicine* but it may be called either erythroblastosis or 
normoblastosts in human medicine. 

IV. Methods 

A. Complete descriptions of a bone marrow biopsy (collection* fixation* staining* and exam- 
ination of bone marrow from a living animal) are beyond the scope of this text. 
Procedures of a bone marrow biopsy are described in several sources. 1 ’’ 

R. Major features of a bone marrow biopsy 

1. Typically* bone marrow samples are collected from sites that are expected to have 
active hematopoietic tissue. 

a. In dogs and cats, such tissue is expected in the iliac crest or in the medullary cavi- 
ties of proximal femurs or humeri. 

b. In horses, such tissue Is most accessible in the stcmcbrac. In cattle, medullary cav- 
ities of proximal ribs can be sampled. 

2. There are two major methods of collecting bone marrow samples, 

a. Aspiration: A Rosenthal or Illinois biopsy needle is inserted into a bone marrow 
sire* stylet is removed, and bone marrow is aspirated into needle and perhaps 
syringe by negative pressure. Excessive hemodilution is limited by terminating 
aspiration as soon as blood is seen entering the syringe. The Rosenthal and 
Illinois needles are straight-shafted needles with a beveled end; nondisposable 
forms require sterilization and sharpening; disposable forms are available* 

b. Core cutting: A Jamshidi biopsy needle is inserted into the cortical hone adjacent 
ro bone marrow* stylet is removed, the needle is advanced about I inch into the 
bone marrow with a twisting motion, the needle is rotated 360* several times and 
then withdrawn. After the needle is withdrawn* the stylet is used to push the core 
sample out the top of the needle. The Jamshidi needle (after stylet removal) has a 
cutting end that is narrower than most of the needle's bore; this promotes 
retrieval of a cylindrical core of tissue. 
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3. There are two major methods of processing hone marrow samples* 

a. Preparation and staining of air-dried films or smears 

(1) It is critical that such samples he processed (sample distributed and fixed onto 
glass slides) within seconds of collection to reduce dot formation in aspirates 
or auwlydc changes in all samples. A variety of smear, squash, roll, and 
imprint methods mag be used to produce slides that have monolayers of intact 
cells and foci of bone marrow particles that may he stained and examined*. 

(2) For routine microscopic examinations, the air-dried samples are stained with 
a stain that is used for blood films (a Romano wsky stain such as a Wright 
stain or DifFQuik). A Prussian blue or Mallory stain may be applied to assess 
amount obtainable iron in the sample. 

(3) For special microscopic examinations such as cytochcmical or immunocyto- 
logic methods i slides containing the bone marrow samples may need to be 
immediately immersed in alcohol or acetone. The slides are then submitted to 
$ hematology laboratory that offers special staining and examination of the 
bone marrow samples* 

b. Preparation and staining of core biopsy samples 

(1) After making imprints by touching or rolling the core on a glass slide, the 
core sample is placed in a fixative. B5 or Zenker s fixative is preferable, but 
routine buffered formalin can be used. (Note: if formalin is used, put the air- 
dried samples in a separate room because formalin fumes can Severely alter 
the staining properties of cells). The fixation procedures vary with the type of 
fixative fluid that is used. 

(2) The fixed core sample is submitted to a hematology or histology laboratory 
that on process and stain the sample for microscopic examination* Many 
core samples require decakification before the sample can be sectioned and 
prepared for staining. A variety of stains may be applied to demonstrate the 
types of cells or other contents of the sample. 

4. Examination of' bone marrow samples 

a. Gross examination 

(1 ) Aspirated bone marrow samples will contain peripheral blood cells but the 
best samples have very little contaminant blood. A representative sample typi- 
cally contains small pieces of tissue known as bone marrow fragments, bone 
marrow units, bone marrow grains, bone marrow panicles, or bone marrow 
spicules. The bone marrow fragments that contain adipose tissue will glisten. 
Rone marrow fragments should not be confined with clotted blood or 
platelet clumps* 

(2) T he appearance of bone marrow core samples will vary from hypercellular red 
tissue to hypocellular fatty tissue to conical bone. 

b* Microscopic examination: A complete microscopic examination of bone marrow 
.samples involves the characterization of the bone marrow tissue architecture, dif- 
ferentiation and enumeration of cells, and evaluation of individual cell structure. 
Such examinations are best completed on quality stained histologic and cytologic 
samples with a quality microscope by a person who is trained for such examina- 
tions. A complete examination with differencial cell counts and special stains can 
be a time-consuming process. Frequently, just as much can be learned from a sub- 
jective assessment of cell populations by an experienced hematologist. The major 
aspects of the examination assess the following: 
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(1) Ceilularity of bone marrow 

(a) Ceilularity of bone marrow is best assessed in a core sample, especially til 
rite hypo cellular samples. The ceilularity of bone marrow fragments 
reflects the ceilularity of the bone marrow. The more particles there are to 
examine, the better the assessment of the bone marrow ceilularity. 

(b) Ceilularity o! the preparation is not the same as the ceilularity of the 
bone marrow. It borne marrow particles, on average* are < 20%-30% adi - 
pose tissue, the bone marrow is hypercell ular. If bone marrow particles, 
on average, are > 70% -80% adipose tissue* the bone marrow is hypoed- 

I ular. If bone marrow particles are not present and the preparation is very 
cellular, the bone marrow is likely hyper-cellular and unlikely hypoed I ular. 
If hone marrow particles are not present and the preparation is not very 
cellular, the bone marrow may be hypocell ular or tbe sample may be 
poorly representative of bone marrow tissue. 

(2) Assessment of hem k precursor populations {sec Figs, 3,1 and 6,1) 

(a) Number and structure of megakaryocytes 

(i) The expected number of mature megakaryocytes in a sample varies 
between species and is highly dependent on the quality of the sam- 
ple, especially the number of bone marrow fragments in aspirates. 

If more megakaryocytes arc found than arc expected, then megakary- 
ocyte hyperplasia is present. If fewer are present, then megakary- 
ocytic hypoplasia is present. 

(ii) The presence of immature forms of the megakaryocytic scries (i.c * 
mega karyo blasts or promegakaryocytes) indicates increased 
mcgakaryocytopoiesis* usually megakaryocytic hyperplasia, but rarely 
megakaryocytic neoplasia. 

(b) G:E ratio 

(i) A G:E ratio is calculated using cytologic samples by differentiating 
500 to 11)00 consecutive precursors of the granulocytic and crythroid 
precursors and then dividing the number of granulocytic cells by the 
number of erythroid cells. All cells of the granulocytic cell lines are 
included; only the nucleated cells of the erythroid cells are included. 
Other cells (e g., lymphocytes* monocytes, macrophages, megakary- 
ocytes, mast cells, and stromal cells) are not included. A G:E ratio is 
estimated in histologic samples. 

(ii) Most authors seem to use G:E and M:E as synonyms. Others 
include monocyte precursors in the myeloid cells so that G:E and 
MrE ratios are not equal. However, these ratios would often be simi- 
lar because there are usually few recognizable cells of the monocyte 
series. The M:E versus G;E ratio issue is complicated by the fact that 
it can be difficult to differentiate monoblasts and promonocytes 
from granulocytic precursors during routine microscopy, 

(iii) A G:E ratio along with an assessment of bone marrow ceilularity and 
CBC results helps determine if there are hyperplastic or hypoplastic 
populations of cells. 

{ iv) The expected G:B ratios in healthy animals vary between species. 
Average ratios in dogs, cats, horses, and cattle are reported ro be 
1.25. 1.63, 0.93; and 0.71, respectively, 3 
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Neutrophil component of 
granulocytic or myeloid pools 


Megakaryocyte 




Eosinophil ^ 
Basophil 
Monocyte 




Lymphocyte 


Plasma cell 


Erythroid pool 



Fig* 6,1. Schematic representation of the hemic cells that may be found in bone marrow of mammals. 

The two major pools are cells of (he neutrophil series in the granulocytic pool and ceils of the erythroid 
pool. (CFU-G ■ colony forming unit — granulocyte* CFU-E 5 colony forming unit — erythroid, Mb ■ 
myeloblasts, Pg, 2 progranuheytes, Me = myelocytes, Mmc = metamyelocytes, R = band neutrophils* S = 
segmented neutrophils; Rb = rubriblasts, Pr = prorubricytcs, Rc - rubricytcs, Mr * metanibncyres) 

Eosinophils and basophils and their precursors are also components of the granulocytic pool Monocytes 
are part of the myeloid pool but not the granulocytic pool. Lymphocytes, mast cells* and megakaryocytes are 
separate cell lines. 
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ft) The granulocytic and erythroid cell lines should contain cells that indi- 
cate an orderly proliferation and maturation. of the cells, 

(t) Because nearly all cells of the erythroid precursors can undergo mito- 
sis, there should he many more of the [ate stages than the early stages 
(a pyramidal distribution (see Figs. 4,1 and 6.1), There also should 
be an orderly and synchronous maturation between nuclei and cyto- 
plasms: as nudd become smaller and chromatin denser, the size of 
the cell decreases, the cytoplasmic basophilia decreases, and the 
eosinophilic staining of hemoglobin increases. 

(it) The granulocytic precursors are divided into two pools (sec Figs, 3,2 
and 6.1). The early pool (proliferation pool) contains cells capable of 
mitosis and thus more myelocytes are expected than myeloblasts or 
progranulocytes. Most of the granulocytes should be segmented neu- 
trophils in the maturation pool (including storage pool). There 
should be an orderly and synchronous maturation between nuclei 
and cytoplasms throughout the series. 

(d) Most of the lymphocytes in bone marrow of healthy animals are small 
lymphocytes, but occasional larger forms and plasma cells can be found. 
These are best seen with cytologic samples. 

(3) The relative percentages of other cells (mast cells, macrophages, fibroblasts, 
ostcodasts, other stromal cells) are determined or estimated. Increased per* 
cen rages can indicate or suggest certain pathologic processes (see later section 
on interpretation). 

(4) The amount of iron pigment in die sample is estimated. In aspirate and core 
samples, the iron pigment in hemosiderin will range from yellow to yellow- 
green to yellow-brown, A more complete assessment of iron storage can be 
determined if the samples are stained with an iron stain such as Prussian blue 
or Mallory stains. 

c, H isto logic versus cytologic exam i n at ions 

(1) Histologic examination of core samples 

(a) Advantages 

(i) Can assess tissue architecture (how cells are arranged), necrosis, infil- 
trative patterns, myelofibrosis 

(ii) Better assessment of bone marrow cellularity (more objective) 

(iii) Better assessment of megakaryocyte number 

(b) Disadvantages 

(i) More expensive and greater turnaround time 

(ii) More difficult to differentiate cells* especially if sections are not cut 
thin enough (target ~ 3 pm) 

(2) Cytologic examination of aspirate samples 
(a) Advantages 

(i) Can critically differentiate and evaluate individual cells and cell 
populations 

(ii) Relatively little processing cost; most of technique expense is in the 
collection procedure 

(iii) Can use for cytochemiical staining and have greater potential for 
i m m u n ocytochem isT rv 

(h) Disadvantages 
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t«) Cannot assess tissue architecture 

(ii) May he diFficu.lt to determine if sample is representative (i.e. T to dif- 
ferentiate a poor sample from hypocellular bone marrow) 

(3) Combining examinations of core and aspirate marrow samples provides the 
most complete information and the samples can be collected at the same 
time. Cytologic evaluation of aspirates is almost always indicated. Histologic 
examination is useful when marrow architecture is required to reach a diagno- 
sis, myelofibrosis is suspected (connective tissue exfoliates poorly), or 
hypoplastic states are suspected (e.g., when pancytopenia is present) and 
therefore an aspirate may yield few cells and a pattern that may not be dis- 
tinct from poor sampling, 
d. Post mortem bone marrow samples 

(1) Hematopoietic cells undergo autolysis rapidly. 

(a) Insides of bones stay warm much longer than most tissues, 

(b) Precursors of leukocytes contain many proteolytic and lipolytic enzymes 
char allow digestion of cells. 

(2) Samples must be collected as soon as possible after animals death so the sam- 
ples will be adequate for evaluation (guideline: < ’A hr, especially for cytolog- 
ic assessment). 

BONE MARROW CLASSIFICATIONS 

[. Bone marrow hyperplasia: A nonspecific term that indicates an increased number of non- 
neoplastic hematopoietic cells in bone marrow. Nearly all hyperplastic states result from a 
stimulus that causes a cell line to proliferate ; the stimulus may originate from an increased 
need for cells or to replace lost cells (Table 6.2.) 

A, Erythroid hyperplasia (erythroblastic or normoblastic hyperplasia) 

1 . Effective erythropoiesis: Epo stimulation of precursor cells leads to a proliferation of 
erythroid cells, erythroid hyperplasia, and increased release of reticulocytes, nucleated 
erythrocytes, or erythrocytes into blood. 

a. Secondary to hemolytic (Table 4.8) or blood loss disorders (see Fig. 4,6): The 
mechanisms that lead to erythroid hyperplasia begin immediately after the onset 
of anemia but the resultant erythroid hyperplasia may not be easily recognized 
until a few days later. The degree of erythroid hyperplasia should correspond to 
the duration and severity of the anemia. 

b. Secondary appropriate erythrocytotic disorders: Persistent hypoxemia or increased 
tissue demand for 0 2 in tissues promotes Epo release, which causes erythroid 
hyperplasia and erythrocytosis (see Chap. 4 for disorders), 

c. Secondary inappropriate erythrocytotic disorders: Inappropriate Epo production 
in the absence of hypoxemia causes erythroid hyperplasia and erythrocytosis (see 
Chap. 4 for disorders). 

2 . 1 ncfFcct i vc c r y th ropoiesi s 

a. Immune- mediated destruction of nucleated erythroid cells 

( 1) These disorders are typically considered i mm iinc-mcdiatcd based on the 
apparent response to immunosuppressive therapy. In some cases, there may be 
a concurrent positive Coombs' test or other findings (e.g., thrombocytopenia) 
that suggests an immune- mediated hemic disorder. 

(2) In bone marrow samples* the erythroid series can have the appearance of mat- 
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Table 6*2. Disorders and conditions that cause erythroid, granulocytic, and 
mcgakaryocytic hyperplasia In marrow 

Erythroid hyperplasia 
Effective erychropoiesis 

^Secondary to hemolytic or blood loss disorders 
Secondary appropriate erythnocytotic disorders 
Right to left shunts, congenital or acquired 
Chronic pulmonary disease 
Hyperthyroidism 

Secondary inappropriate erythrocytoric disorders 
Renal neoplasms, cysts, or diseases 
Other neoplasms (hepatoma) 

Ineffective erythropoiesis 

"lmmune-mediatcd non regenerative anemia 
B Nutritional: Fe, copper, folate or vitamin B , 2 deficiency 
Cyclic hematopoiesis of grey collies and in FeLV- infected cals 
Gran ulocy tic hype rplas ia 
Effective granulopoiesis 
Inflammatory 

^Infections: bacterial* fungal, viral, protozoal 
^Immune hemolytic anemia 

^Necrosis: hemolysis, hemorrhage, infarcts, burns, neoplasia, sterile inflammation 
Sterile foreign body 
Other or unknown mechanisms 
Paraneoplast ic neu troph ilia 
Neutrophilia of leukocyte adhesion deficiency 
G-CS F ad m i mat ration 
Estrogen toxicosis (early) 

Cyclic hematopoiesis of grey collies and in FeLV-infected eats 
ineffective granulopoiesis 
Immune neutropenia 

Suspected in animals: diphenylhydantoin and phenylbutazone toxicosis 
Chronic idiopathic neutropenia (G-CSF deficiency) 

Megakaryocytic hyperplasia 

Recovery from thrombocytopenia: withdrawal of myelosuppression or in response to a 
disorder that causes decreased platelet survival 
Inflammation: infection), immune- mediated, surgery, trauma 

Note: Information about eosinophilic, basophilic, mononuclear-phagocytic, lymphoid, mm cell, and 
generalized marrow hyperplasia are provided in the iesi\ 


uration arrest with erythroid stages prior to the damaged cell being numer- 
ous . 17 Macrophages containing any stage from rubriblasts to metarubricytes 
may be found on cytologic preparations. According to some authors, this type 
of bone marrow might be seen in the development or resolution of pure red 
cell aplasia in which there will be marked eryrhroid hypoplasia or erythroid 
aplasia, 

b, Nutritional deficiencies 
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(!) Fe-dcficicncy anemia: In the Ire-deficient stare, anemia develops because ery- 
thropoiesis does not produce enough erythrocytes to replace those lost via 
physiologic or pathologic processes. Erythroid hyperplasia and rericulocytosis 
may be present, but the release of reticulocytes is not enough to meet the 
need. As the deficiency progresses, the ruhricytes may appear smaller and 
have less I Igb in their cytoplasms. 

{2} There can be a pattern of ineffective erythropoiesis in the rare cases of copper, 
folate* and cobalamin deficiencies, 1,3 

B. Granulocytic hyperplasia: Unless stated otherwise, granulocytic hyperplasia (also called 
myeloid hyperplasia) typically is characterized by an increased number of neutrophil pre- 
cursors, An orderly and complete proliferation and maturation series is expected with 
hyperplasia, but granulocytic hyperplasia may lack a storage pool or may have a left 
shift. Other forms of granulocytic hyperplasia are identified as eosinophilic granulocytic 
hyperplasia and basophilic granulocytic hyperplasia. Because early stages of neutrophil 
and monocyte precursors are not easily differentiated* a monocytic hyperplasia may or 
may not be recognized when there is neutrophilic granulocytic hyperplasia* 

L Effective granulopoiesis: Continual stimulation of neutrophil precursors by G-CSF, 
GM-CSF, or certain interleukins leads to granulocytic hyperplasia* increased release 
of neutrophils to blood, and typically a neutrophilia (with or without a left shift). 

a. Inflammatory: The granulocytic hyperplasia is typically the result of an inflamma- 
tory process that resulted from any of a wide variety of infectious and noninfec- 
tious diseases. 

b. Other or unknown mechanisms of granulocytic hyperplasia are listed in Table 6,2 
and Chapter 3, 

2, Ineffective granulopoiesis: This form of hyperplasia is recognized when there is a neu- 
tropenia and a concurrent granulocytic hyperplasia but too few of later stages to 
complete the pyramidal maruradon sequence. 

a. Immune neutropenia: Granulocytic hyperplasia results from persistent differentia- 
don and proliferation of neutrophil precursors in an attempt to replace neu- 
trophils being destroyed before or soon after release from bone marrow. Factors 
that lead to the generation of and- neutrophil antibodies typically are not known 
but might be drug-induced in some cases. 

b. Drug-induced neutropenia: There have been rare reports of an ineffective granu- 
lopoiesis associated with anticonvulsant (phe nobarbital, primadone) treatments; 
the mechanism of the neutrophil destruction has not been established but m ight 
be i mm unc-mcd iated . ' ' 

c. Chronic idiopathic neutropenia due to G-CSF deficiency: The bone marrow in 
the rottweiler with this disorder had numerous myeloblasts and progranulocytes* 
but myelocytes and later neutrophil stages were rare,. The defect in maturation 
resulted from the G-CSF deficiency because G-CSF is needed for terminal neu- 
t nop h il di fferen t i at io n , l{1 

C. Megakaryocytic hyperplasia: Megakaryocytic hyperplasia occurs when there is persistent 
stimulation of mega karyocy topoiesi $„ Stimulation ol c hrom bopoiesis is usually concur- 
rent and secondary ro thrombocytopenia* but thrombocytosis may lie present and the 
result of megakaryocytic hyperplasia. 

1. Recovery from thrombocytopenia 

a. In response to a thrombocytopenia, stimuli (stem cell factor, thrum bopoict in, IL- 
3, and G.M-CSF) promote the proliferation of megakaryocytes to replace the 
missing platelets. 
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b. The thrombocytopenia frequently is due to disorders that cause decreased platelet 
survival. When thrombocytopenia is cine to a mydosuppressive agent or process, 
there may be a rebound megpkaiyocytic hyperplasia after removal of the 
suppression. 

2, Mild megaharyocytic hyperplasia may be found concurrent with one of the several 
forms of reactive or secondary thrombocytosis, including inflammation and non- 
hemic neoplasia (sec Chap. 5), 

D. Eosinophilic granulocytic hyperplasia: Eosinophilic granulocytic hyperplasia is character- 
ized by increased numbers of eosinophils and eosinophil precursors in bone marrow. 

L Specific mediators, including IL-5 (eosinophil differentiation factor) and CS.F-GM 
from mast cells, macrophages, and lymphocytes, stimulate oosinopoiesis. 

2. Eosinophilic hyperplasia may or may not be recognized in animals with eosinophilia 
(sec Table 3,9). 

E, Basophilic granulocytic hyperplasia: Basophilic granulocytic hyperplasia is characterized 
by increased numbers of basophils and basophil precursors in bone marrow. J his type of 
hyperplasia is rarely recognized but might be found in animals with basophilias (see 
Table 3.11). 

E Mononuclear- phagocytic cell hyperplasia: This hyperplastic state is present when there is 
an increased number of monocytic precursors in the bone marrow. It typically is not seen 
as a primary bone marrow finding but may be found concurrently with granulocytic 
hyperplasia. 

G. Lymphoid hyperplasia: Lymphoid hyperplasia is seen as a non- neoplastic accumulation 
of lymphocytes in the bone marrow. In tissue sections of bone marrow, the lymphoid 
cells may occur in nodules, germinal centers, or as a diffuse population, 

E Because bone marrow is a lymphoid tissue, an inflammatory disease may result in 
lymphoid hyperplasia in bone marrow samples as well as lymph nodes and spleen,. 
The hyperplastic lymphocytes are typically small lymphocytes, but larger forms and 
plasma cells may be prominent. 

2. A variety of disorders that cause the stimulation of the immune system may cause rhe 
lymphoid hyperplasia: canine ehrlichiosis,* systemic lupus erythematosus, 11 griseoful- 
vin toxicosis. 11 

3. Small lymphocytes may be up to 20% of the nucleated cells in bone marrow samples 
from healthy cats, whereas less that 5% (usually < 1%) are expected in dogs, cattle, 
and horses. 

4. When there is granulocytic and crythroid hypoplasia, the lymphocyte population 
may appear more prominent but may not be a hyperplastic population. 

Hi Mast cell hyperplasia: Mast cell hyperplasia is seen as a non-neoplastic accumulation of 
masr cells in the bone marrow. 

1, Undifferentiated mast cell precursors originate in hone marrow but are not recog- 
nised as a separate cell population in routine bone marrow examinations. Occasional 
mist cells are found in the bone marrow of healthy dogs, cats, and horses and proba- 
bly represent a resident population, 

2, Bone marrow masr cell hyperplasia has been reported in dogs with aplastic anemia, |S 
regenerative anemia, Fe-defidency anemia, hypoplasia secondary to a Sertoli cell 
tumor, and lymphoma. 1 * 

3, Mast cell hyperplasia probably represents a reactive state associated with an inflam* 
matory process. Concurrent plasmacytosis is common. 

I. Generalized bone marrow hyperplasia: Generalized bone marrow hyperplasia is present 
when there is concurrent granulocytic, erythroid, and megakaryocytic hyperplasia. It is 
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Table 6.3. Disorders and conditions that cause hypoplastic states in marrow 

Generalized marrow hypoplasia 

^Myelitis: bacterial, fungal, viral, protozoal 

Toxicosis: bracken fern, cephalosporins, chemotherapeutic agents, estrogen, griseofulvin, 
phenyl butazo n e, trichloroethylene, tri methoprim/ sul fadiazinc 
Irradiation: whole body or environmental 
“Marrow necrosis due to ischemia, infections, or other states 
w Marrow replacement: neoplasia, myelofibrosis, osteopetrosis 
Selective eryihroid hypoplasia 

“Pure red cell aplasia: immune-mediated, after recombinant Epo treatment, possibly 
parvovirus infection 
B FeLV-induced erythroid hypoplasia 

Endocrine: hypothyroidism, hypoadrenocorticism, hy poa ndr ogen is m 
Drug- I nduced : ch lo ramphen icol 
Selective granulocytic hypoplasia 

Infectious: parvovirus (dugs, cats), FeLV, Toxoplasma, Ehrlichia (chronic) 

Toxic: bracken fern, chemotherapeutic drugs, chloramphenicol (cats), estrogen, 
griseoftilvin, phenylbutazone, diphenyl hydan to in 
Immune neutropenia 
Selective megakaryocytic hypoplasia 

Toxic: bracken fern poisoning, chemotherapeutic agents, estrogens (exogenous, endoge- 
nous), griseofulvin, medofenamlc acid, phenylbutazone, trimethoprim -sulfadiazine 
(or -sulfonamide) 

Immune- media ted: arnegakaryocytic thrombocytopenia 


seen in some cases of immune hemolytic anemia in which there is a concurrent throm- 
bocytopenia and inflammatory neutrophilia. It can be seen in other cases in which there 
is a need for a proliferation of neutrophils, erythrocytes, and platelets. It should nor be 
confused with polycythemia vera, a neoplastic state that involves the same cell lines but 
results in erythrocytosis, leukocytosis, and thrombocytosis. 

II, Bone marrow hypoplasia: A nonspecific term that indicates a decreased number of 

hematopoietic cells in the bone marrow. Hypoplastic disorders may be caused by absence of 
stimulating agents, presence of inhibitors, direct damage to the marrow, or direct damage to 
individual cell lines (Table 6.3). 

A. Generalized marrow hypoplasia 

1 . Aplastic anemia (aplastic pancytopenia) is the pathologic state in which generalized mar- 
row hypoplasia causes non regenerative anemia, neutropenia, and thrombocytopenia. 

2, Many potential disorders or conditions cause generalized bone marrow hypoplasia but 
identifying and proving the cause of the disorder is frequently difficult. The insult to 
the bone marrow may have occurred weeks before the animal became clinically ill, 

B, Selective eryihroid hypoplasia: Selective erythroid hypoplasia is a pathologic state in 
which there is a decreased number of erythroid precursors but the granulocytic and 
megakaryocytic cell lines are not decreased. 

L Pure red cell aplasia is a pathologic state in which the selective erythroid hypoplasia is 
represented by a severe depletion of erythroid precursors that causes development of a 
normocytic, normochromic* non regenerative anemia. 1 * 
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a, Primary pure red cell aplasia is considered an immune-media ted disorder and may 
be seen concurrently with immune spherocytic hemolytic anemia. The sera of 
affected dogs can suppress erythropotesk Bone marrow examinations reveal 
marked erythroid hypoplasia. There have been many reported cases in dogs K ’T 
and rare reports in cats, 1 ® 

b. Secondary pure red cell aplasia has occurred secondary to treatment with recom- 
binant human Epo in dogs, 1 '** 3 ® horses „ J 1,33 and cats. The selective erythroid 
hypoplasia that occurs in some FeLVdnfccred cats and possibly in parvovirus- 
infected or parvovirus- vaccinated dogs is also considered a form of secondary pure 
red cell aplasia, 1 ' 

2, FeLVdnduoed erythroid hypoplasia 

a. The Kawakami -Thcilcn strain of FeLV (A t B» and C subgroups present) causes a 
severe erythroid hypoplasia in neonatal kittens, but not in weanling or adult cats,® 

b. Weanling cats and older cats infected with another strain of FeLV (A and C subgroups 
present) also can develop erythroid hypoplasia and non regenerative anemia. 2 ** 

3, Endocrine: The non regenerative anem ias of hypothyroid ism, hypoadrenocort itism, 
and hypoandrogenism are due to erythroid hypoplasia, but the degree of hypoplasia 
in bone marrow samples can be very mild and not recognized in routine hone mar- 
row examinations, 

A. Drugs: Chloramphenicol can induce a transient erythroid hypoplasia in dogs 1 *-® and 
cats. 2 '" There may be concurrent myeloid and megakaryocytic hypoplasia in cats, 

C. Selective granulocytic hypoplasia (agranulocytosis): Selective granulocytic hypoplasia is 
a pathologic state in which there h a decreased number of granulocyte (neutrophil) 
precursors but the erythroid and mcgakaryocytic cell lines are not decreased. 

1 . Several infections and drugs have been reported to cause selective granulocytic 
hypoplasia (Table 6.3), However, since many of them have also been associated with 
hypoplasia of other cell lines, there may be the appearance of selective granulocytic 
hypoplasia but damage to other cell lines might not be detected in rbe same marrow 
sample. In parvovirus infections, the granulocytic hypoplasia could be due to damage 
to cells with mitotic potential,, depletion of neutrophil pools because of excessive tis- 
sue demand, or endotoxin -induced damage to marrow cells, 27 28 In canine monocytic 
ehrlichiosis, the hypoplasia may be seen in chronic infections, whereas hyperplasia is 
seen in acute infections. 

2. Animals with immune neutropenias can present with either selective granulocytic 
hypoplasia or ineffective granulopoiesis, 

D, Selective mcgakaryocytic hypoplasia: Selective megakaryocytic hypoplasia is a pathologic 
state in which there is a decreased number of megakaryocytes but the erythroid and 
granulocytic cell lines arc not decreased. 

1. Several infections and drugs have been reported to cause selective megakaryocytic 
hypoplasia (Table 6.3). 

2* Thrombocytopenic animals with immune-mediated damage to megakaryocytes can 
have megakaryocytic hypoplasia or ineffective thtombopoiesis, depending on the 
degree or stage of megakaryocyte damage. 

III. Myelofibrosis 

A, Myelofibrosis is a pathologic state in which there are increased fibrous connective tissue 
and collagen in the bone marrow. With extensive myelofibrosis, there is a deficiency in 
hematopoietic tissues and an aplastic anemia may develop* 
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B, It is usually considered a reactive or inflammatory fibroplasia and may be the conse- 
quence of generalized bone marrow damage- In people and in some animals, it may be 
secondary to a MD5 or myeloproliferative disease in which mediators from the hemic 
cells stimulate fibrocytic hyperplasia- 1 * 

IV. Myelitis 

A. Myelitis, in the context of hemic disorders, is inflammation of bone marrow. Some 
people use the word osteomyelitis to differentiate “bone marrow" myelitis from '‘spinal 
cord’ myelitis; others use the word to indicate bone and bone marrow inflammation. 

B, There are a several agents that can cause a myelitis. 

1, Fungal myelitis (histoplasmosis, blastomycosis} 

2, Protozoal myelitis (leishmaniasis) 

3, Bacterial myelitis, usually as a result of a bacteremia or a penetrating wound 


V Bone marrow necrosis 

A. The term is usually restricted to bone marrows In which necrosis is the primary and pre- 
dominant abnormality (other pathologic states have necrosis, but the necrosis is not the 
major pathologic process). 

B. Bone marrow necrosis has been associated with toxicants (e.g.» in drug studies)! DIC* 
hypoxia, and feline panlcukopenia. 

C. Myelofibrosis may be the “healing" stage or chronic stage of some bone marrow necrosis 
disorders. 

VI. Myelophthisis 

A. Strictly speaking, myelophthisis means marrow {myelo-} wasting {-phthisis). 

B + Common usage: Failure of the bone marrow to produce cells because of replacement or 
displacement of bone marrow by abnormal tissue. Causes of myelophthisis include neo- 
plastic cell proliferation, myelofibrosis, and osteopetrosis. If the disease process has affect* 
ed most bone marrow sites, animals will develop an anemia, neutropenia, and thrombo- 
cytopenia (aplastic anemia). 

VII, Bone marrow neoplasia 

A. General concepts 

1. Neoplasia of bone marrow cells is not as common as many other forms of neoplasia 
in domestic mammals. The general diagnosis of hemic cell neoplasia Is not difficult 
when there are numerous poorly differentiated cells in a blood or bone marrow sam- 
ple, but establishing the Cell of origin Can be very difficult. 

2. Terms 

a. Leukemia: the presence of neoplastic leukocytes of bone marrow origin in either 
blond or bone marrow 

b. Myeloproliferative disease; As a general term, myeloproliferative disease refers to 
any neoplastic or leukemic disorder of nonlymphoid hemic cells, including neu- 
trophils, eosinophils, basophils, monocytes, erythrocytes, megakaryocytes, and 
perhaps mast cells. In human medicine, it is often used more specifically to 
describe several clonal disorders of pluri potential stem cells characterized by exces- 
sive proliferation of differentiated neoplastic cells that have few* or no morpholog- 
ic or functional abnormalities. These are chronic myeloid leukemia, essential 



‘rial 



6 / BONE MARROW AND LYMPH NODES 


241 


thiombocythtmia, polycythemia vera, idiopathic myelofibrosis, and chronic 
m ydo moi u icy t 1 c leu kem la. 

t\ iy m phop ro Itferatt ve disease: Lymphoproliferaiive disease refers to a neoplastic pro- 
liferation of lymphocytes* If the lymphoid neoplasia primarily involves blood and 
marrow, it is called a lymphoid leukemia. If the lymphoid neoplasia primarily 
involves other tissues with little to no blood involvement, it is called a lymphoma. 

d. Acute leukemia: An acute leukemia typically has many blast ic cells (e.g„ granulo- 
cytic or lymphoid) and duration of the illness is short (unless treated). 

e. Chronic leukemia: A chronic leukemia typically contains many well 'differentiated 
cells (e + g„ neutrophils or lymphocytes) and an animal may live for months after 
diagnosis even without treatment. 

f Myelodysplastic syndromes (MDSs): MDSs are a group of clonal disorders in which 
there is ineffective hematopoiesis and morphologic evidence in blood or bone 
marrow of abnormal maturation of hemic cells. 

(1) The dys plastic changes that may be observed in these disorders include the 
following: H 12 

(a) DysmyelopoiesLs: giant cell size, abundance of azurophilic granules, 
hypogranutar cytoplasms, polyploidy or hypersegmented neutrophil 
nuclei, Pelger-Huet cell features (hyposegmentation) 

(b) Dyscrythropoiesis: multiple nuclei, nuclear fragmentation, megaloblastic 
appearance, excessive cytoplasm relative to the nucleus, abnormal distri- 
bution of siderosomes, macrocytosis, unequal nuclear division 

(c) Dysmegakaryocytopoiesis and dysthrombopoiesis: nonlobed large nucle- 
us, multiple small nuclei, dwarf or micromegakaryocytes, mcgaplatelets, 
abnormal cytoplasmic granularity or vacuolarion of platelets 

(2) Classifications 

(a) In people, the MDSs are classified into five groups but some authors have 
proposed alternate terms to classify the myelodysplastic states/* 

(b) A veterinary MDS classification was proposed by an Animal Leukemia 
Study Croup of the American Society for Veterinary Clinical Pathology 
and divided MDSs into three groups: MDS, MDS-Er, and CM Mol/ 1 
This system was modified by Raskin by dividing MDS into two groups 
(MDS-RC and MDS-EB) and thus giving four types of MDS in mam- 
mals: MDS-RC, MDS-EB, MDS-Er, and CM Mol/ 2 

(3) Domestic mammals and people with a MDS may develop acute myeloid 
leukemia and thus MDS has been considered a preleukemic disorder. 

(4) Dysplastic changes of hemic cells may not be directly associated with a clonal 
proliferation and thus may be considered secondary myelodysplasia. Canine 
disorders in which dysplastic changes were found included lymphoma, 
myelofibrosis, immune-mediated anemia and thrombocytopenia, multiple 
myeloma, polycythemia vera (primary erythmeytosis by the criteria of this 
textbook), and pyometra/ 1 (Note: The authors also reported dysplastic fea- 
tures in a Cavalier King Charles spaniel) 

B, Classifications of hemic cell neoplasia 

1. The methods of differentiating and the application of the classification criteria for 
hemic ceil neoplasia are beyond the scope of this textbook. Several chapters in Scfsalms 
Veterinary Hematology, 5th ed. (Philadelphia: Lippincott Williams. & Wilkins, 2000}, 
provide excellent information and examples of the neoplastic states. The major goals 
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of the classification schemes are to accurately determine the cell of origin with hopes 
that such information can be used to reliably provide prognostic information and, ther- 
apeutic recommendations. Two major problems are present in the classifications 
schemes: (1) The most simple and inexpensive method (microscopic appearance on a 
Wright-stained sample) has major limitations and can be very Inaccurate. (2) The 
more complex and expensive methods { imm u nophe notyp ic classifications) are not 
widely available and are expensive* and their use has been limited to date, 

2. The major methods of classifying hemic neoplasia are as follows: 

a. Microscopic evaluation of Wright-stained blood films or bone marrow preparations 

(1) The primary value of these evaluations is to detect the presence of neoplastic 
hemic cells, 

(2) Finding cells that have nuclear or cytoplasmic features that are unique or 
more common in certain differentiated cell lines is the first step in character- 
izing the neoplasia* bur it can be very difficult to reliably classify the poorly 
differentiated disorders; ire., blast cells could be of one of several cell types* 

(3) An accurate classification of the neoplasia is best accomplished by other 
methods* 

fa, Cytochemical stains-' 1 ’ 

(1) The basic premise behind die use of cytochemical stains k that leukemic cells 
will contain enzymes or compounds that are common or unique to certain 
differentiated cells. For example, neutrophils and monocytes contain peroxi- 
dase but lymphocytes* erythrocyte precursors* and megakaryocytes do not. 

(2) Cytochemical stains are used primarily for the differentiation of leukemias, 
and lymphoid cells typically do not stain. However, poorly differentiated 
myeloid precursors may not contain enough analyte for a positive reaction. 

(.3) The use of cytochemical stains for differentiation of leukemias is limited to a 
few special hematology laboratories and is of most value when a panel of 
stains is used, e.g„ peroxidase, Sudan black B, leukocyte alkaline phos ph arise, 
naphthyl acetate esterase* naphthyl butyrate esterase* chloracerate esterase, 
periodic acid-SchifT. 

c, Immunophcnotyping or immunocytochemistiy^' 

(1) The use of monoclonal antibodies has allowed the identification of surface 
antigens on a. variety of cell types. If a group or cluster of monoclonal anti- 
bodies recognizes the same antigen, the antigen is assigned a cluster of differ- 
ent iation (CD) number 

(2) The CD antigens are best characterized on human and mouse cells, but many 
of the same CD antigens are found on domestic mammal cells. For example, 
CDS is a marker for T lymphocytes and CD79 is a marker for B lympho- 
cytes, Other CD antigens arc markers of T helper cells, T cytotoxic cdl$, and 
the unique cells within myeloproliferative diseases. 

d* Polymerase cha i n reac i ions { PC R) for assess me nt of do naJ i ty 17 

{ l ) With only rare exceptions, neoplasia of lymphoid cells Is an uncontrolled pro- 
liferation of one clone of lymphocytes. 

(2) Special PCR assays that evaluate the DNA sequences of lymphocytes are 
being used to establish that a proliferation of lymphocytes is cither a mono- 
clonal (neoplastic) or a polyclonal (hyperplastic) proliferation. 

3. Classification schemes (Table 6,4) 
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Table 6.4* Classifications of hemic cell neoplasia involving blood or tnarrow 

Clarification 

Cell of origin 

Lymphopnol t lenitive disorders 

Lymphocyte 

* Acute lymphocytic leukemia 

B or T lymphocyte 

Chronic lymphocytic Leukemia 

B or T lymphocyte 

* Lymphoma 

B orT lymphocyte 

Myeloma 

B lymphocyte 

Large granular lymphoma or lymphocytic leukemia 

T or NK lymphocyte 

Myelopioli ferarive disorders 

Nonlymphoid hemic cell 

Acute myeloid leukemias* 

Nonlymphoid hemic cell 

Acme myeloblast ic without maturation (M0) b 

Granulocyte or monocyte 

Acute myelobla&tic with minimal maturation (Ml) 

Granulocyte or monocyte 

Acute myeloblastic with maturation (M2) 

Granulocyte or monocyte 

Promyelocytlc leukemia (M3) 

Granulocyte 

Myelomonocytic leukemia (M4) 

Granulocyte and monocyte 

Monocytic leukemia (MS) 

Monocyte 

Eryth roleukcm ia ( M6) 

Erythrocyte and granulocyte 

Erythrolcukemia with erythroid predominance (M6-Er) 

Erythrocyte and granulocyte 

Megakaryoeytic leukemia (M7) 

Megakaryocyte 

Acute undifferentiated leukemia 

Unknown hemic stem cell 

Chronic myeloproliferative disorders 

Myeloid cell 

Chronic myeloid leukemia 

Neutrophil 

Chronic myelomonocycic leukemia (CM Mol E 

Neutrophil and monocyte 

Eosinophil i c 1 eukem ia 

Eosinophil 

Basophilic leukemia 

Basophil 

IV i mary ery chrocycods 

Erythrocyte 

Polycythemia vera 

Erythrocyte, neutrophil* and 


megakaryocyte 

Th romhocy themia 

Megakaryocyte 

Mydixly splas tic syndrome (MDS) d 

Non lymphoid hemic cell 

MDS-erythnoid predominance (MDS-Er) 

Non lymphoid hemic cell 

MDS- refractory cytopenia (MDS-RC) 

Nonlymphoid hemic cell 

MDS -excess blasts (MDS-EB) 

Non lymphoid hemic cell 

Chronic myelomonocycic Leukemia (CMMolE 

Neutrophil and monocyte 

Mast cell neoplasia 

Mast cell 

“Metastatic mast cell neoplasms (cutaneous or visceral) 

Mast cell 

Mast cell leukemia 

Mast cell 


J Nomenclature of this classification system was recommended by an Animal Leukemia Study Group 
of rhe American Society For Veterinary Clin teal Pathology, {Jain NC, Blue JT, Grin Jem CB, Harvey JW, 
Kociba GJ, Krehbid JD, Latimer KS h Raskin RE h Thrall MA, Zink] JG- 1991, Proposed criteria for clas- 
sification of acute myeloid leukemia in dogs and cats. Vet Clin Pathol 20rG3-fi2,) 

b "M abbreviation system is used in the Frcnch-American-Eririsb (FAB) classification, 
e CM Mol may be difficult to classify : some may meet criteria for a myeloproliferative disease, others 
may meet criteria for a MDS. 

4 Proposed classification for MDSs in domestic mammals. (Raskin RE. 1996. Myelopoiesk and 
myeloproliferative disorders. Vet Clin North Am Small Anim Pract 26:1023-1042.) 
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INTERPRETING RESULTS OF BONE MARROW EXAMINATIONS 

I. Interpretation ol the results of bone marrow examinations is easier if you. are using rhe bone 
marrow examination to answer specific questions. 

A. Why does an animal have a non regenerative anemia? 

B. Why does an animal have a persistent neutropenia? 

C. Why does an animal have a thrombocytopenia? 

D. Is there a neoplastic process in the bone marrow? 

II. Critical interpretation of most bone marrow samples is only possible when there are CBC 
results for the day the bone marrow was collected. 

A. An animal may have a non regenerative anemia one day but a regenerative anemia the 
next day (or the reverse). 

B, An animal may have a neutropenia one day but a normal to increased neutrophil con- 
centration the next day (or the reverse). 

C. An animal may have a thrombocytopenia one day but a normal ro increased platelet con- 
centration the next day (or the reverse). 

D, Correlation of the results of a CBC and bone marrow examination 

L Results of a bone marrow biopsy are best interpreted with current CBC results and 
other clinical information. 

2. Examples of the correlation of results for five dogs arc shown in Fig. 6.2. 

LYMPH NODES: MAJOR CONCEPTS AND TERMS 
I. Terms and conditions 

A. A lymphadenoparhy is a pathologic state involving a lymph node. In clinical diseases, the 
lyittphadenn pat hies typically cause enlarged lymph nodes (l.e., lymphadenomegaly). 


Fig. 6.2. Schematic examples of the interpretation of CBC and marrow biopsy results. 

Reference intervals and other expected results for healthy dogs are provided in the right column. The num- 
ber of marrow megakaryocytes is represented by the number and size of schematic megakaryocytes. 

Granulocytic and erythroid pools are represented by pool diagrams that are miniatures of those shown in 

Chapters 3 and 4. G:E ratios were calculated from the number of cells illustrated in the granulocytic and ery- 

thraid pools. 

* Dog i: Selective erythroid hypoplasia has produced a non regenerative anemia, decreased fragment celluLm- 
ty, and an increased ti:E ratio. 

* Dog 2: Erythroid hyperplasia has. produced a reticulocytosis, increased fragment eellulanty. and a decreased 
G:E ratio. The regenerative anemia is probably due to blood loss or hemolysis. 

* [teg J: Generalized marrow hypoplasia has produced an aplastic anemia (aplastic pancytopenia), decreased 
fragment cdluSarity, and a G;E ratio WRJ. 

* Dog 4: Generalized marrow hyperplasia has. produced a rcticulocytosis, neutrophilia, and increased fragment 
cd hilarity The regenerative anemia is probably due to blood loss or hemolysis* the neutrophilia is due to 
an inflammatory process, and the thrombocytopenia is due to decreased platelet survival. This dog’s inflam- 
matory neutrophilia could be associated with an immune- mediated anemia and immunc-mcdiatcd throm- 
bocytopenia. 

* Dog 5: Granulocytic neoplasia has produced mydophthisis and resulted in a nonregenerative anemia due to 
erythroid hypoplasia, thrombocytopenia due to mcgakaryocytic hypoplasia, and neutropenia due io defoc- 

l i ve neu tro poicsi s ( ncoplas i a) . 


CBC results Dog 1 Dog 2 Dog 3 Dog 4 Dog 5 Ref.Jnt 

Hd (%> 10 10 10 15 1 0 37-55 

Reticulocytes (H/pL) 10,000 200,000 10,000 200,000 10,000 0-80,000 

Neutrophils £#/ M L) 8,000 8.000 500 30,000 100,000 3,000-12,000 

Platelets (#/pL) 300,000 300,000 20,000 20,000 20,000 200,000-500,000 
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Frequently, but inaccurately, lymphadenopathy and enlarged lymph node arc considered 
synonyms, 

B. The primary reason for a lymph node biopsy is to determine the pathologic process that 
is causing lymphadenomegdy. Pathologic processes may be present in lymph nodes that 
are not enlarged* bur not as frequently. The major disorders or conditions that cause 
enlarged lymph nodes are: 

1 . Hyperplasia of lymphoid cells 

2. Inflammation of lymph nodes 

3. Neoplasia of lymphoid cells 

4. Neoplasia of nonlymphoid cells (typically metastatic neoplasia) 

II. Methods 

A. Complete descriptions of a lymph node biopsy (collection, fixation, staining, and exami- 
nation of lymph node tissue from a Living animal) are beyond the scope of this text, 
Procedures of a lymph node biopsy are described in several sources. 53 ® 40 

B. Major features of a lymph node biopsy 

1 . Sam pie col lect ion 

a. Typically, lymph node samples are collected (tom enlarged peripheral lymph 
nodes; mandibular, prescapular, axillary, popliteal, inguinal, and occasionally 
facial. Internal lymph nodes are also sampled, usually by ultrasound-guided aspi- 
ration or during a celiotomy or thoracotomy. When multiple lymph nodes are 
enlarged, it is wise to sample multiple nodes, 

b. Methods of collecting cells from the lymph node include fine-needle aspiration* 
cores from Fro-cut needles, wedge-incision samples, and lymph node excision. 
After the sample is collected, ir may be prepared for cytologic analysis, tissue sec- 
tioning, culturing, or other procedures. 

2. Sample processing 

a. The major goal of the cytopreparory methods is to produce areas on the slide that 
contain a monolayer of intact lymphoid cells. Some regions of such slides will be 
too thick and other areas will have marked cell lysis. The air-dried slides should 
not be exposed to formalin fumes because the gas can severely alter the staining 
properties of the cells. 

b. Thin slices of excised samples should be placed in fixative for paraffin-embedded 
sectioning. Formalin is used most often, but B5 fixation provides better fixation 
for examination of cell detail. 

3. Cytologic examination of lymph node samples 

a. A cytologic examination of lymph node samples involves the differentiation and 
characterization of nucleated cells and the identification of organisms or other 
nonceilular structures (e*g,, hemosiderin), 

(1) The types of lymphocytes are determined by their nuclear diameters, chro- 
matin patterns, presence of enlarged nucleoli, and cytoplasmic features. In 
health, most lymphocytes should be small lymphocytes with dumped chro- 
matin patterns and scant cytoplasms, 

(2) Other cells are identified by their unique features. Nonlymphoid cells include 
neutrophils, macrophages, eosinophils, mast cells, metastatic neoplastic cells, 
and hematopoietic precursors, 

b. Such examinations are best completed on a quality stained sample with a quality 
microscope by a person who is trained for such examinations. 
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4, Methods Invoked in the histologic examination of lymph node samples are beyond 
the scope of this textbook. Such examination* should be done by veterinary path- 
ologists, 

C Cells in lymph nodes of healthy mammals 

1. Lymph nodes from healthy mammals arc not commonly evaluated. However, the 
microscopic should have a clear image of what should be seen in normal lymph nodes 
so that abnormal cell populations or ocher significant findings will be recognized, 

2, The expected cell populations in lymph nodes vary with the location of the lymph 
node. Mandibular lymph nodes in healthy mammals typically have higher percent- 
ages of resident macrophages, plasma cells, and neutrophils than do other peripheral 
lymph nodes, Mesenteric lymph nodes also have more macrophages and neutrophils, 

LYMPH NODE CLASSIFICATIONS 

!. Hyperplastic lymph node 

A. Lymph node hyperplasia is characterized by increased numbers of lymphocytes: B cells, T 
cells, or both. The proportions of different types of lymphocytes may appear normal, in 
which case hyperplasia is suggested by normal cell populations in association with lym- 
phadenomegaly. There may be increases in lymphoblasts and/or plasma cells, in which 
case the terms reactive or reactive hyperplasia are often used in place of hyperplasia , 
though the nodes arc cut larged because of hyperplasia. 

B. A variety of infectious and nonin factious diseases, including bacterial, viral, fungal,, and 
neoplastic disorders, can lead to the stimulation and proliferation of lymphocytes. If 
there is generalized lymph node hyperplasia, a systemic illness should be considered. It 
only one node is hyperplastic, a disease within the drainage field of that node should be 
considered. 

C. There mayor may not be a concurrent inflammatory lymphocytosis in mammals with 
hyperplastic lymph nodes. 

II, Reactive lymph node 

A. A node classified as react ive typically has increased numbers of plasma cells and/or lym- 
phoblasts. The percentage of lymphocytes that are lymphoblasts Is expected to be less 
than 50% and is usually less than 10%. An increase in plasma cells indicates B-cell 
stimulation, 

B. The causes of a reactive lymph node are essentially the same as those lor lymph node 
hyperplasia. 

III, Lymphadenitis 

A. Lymphadenitis is characterized by an increased number of nonlymphoid inflammatory 
cells In a lymph node. One inflammatory cell type might dominate (e.g.. neutrophils)* or 
there can be a mixture of inflammatory cells (e,g. t neutrophils, macrophages, arid 
eosinophils). 

B. The cause of the inflammatory state may be within the lymph node or, more commonly, 
in the node’s drainage field. For example, an allergic dermatitis may result in an 
eosinophilic lymphadenitis, or a lymph node draining a necrotic hemorrhagic lesion may 
have many macrophages containing cell debris and Fe pigments, 

C. There may or may not be a concurrent inflammatory leukocytosis in mammals with a 
lymphadenitis. 
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D. Organisms such as pyogenic bacteria „ Mycobacterium sp.* Hu top Luma sp„ Blastomyces sp., 
Leishmanitt sp., Pmmthtcn sp.„ and Neorickettsia sp, may be present, 

E. Lymphadenitis is often associated with reactive changes, and the term reactive lym- 
phadenitis is someti mes used ro reflect both changes. 

IV. Lymphoid neoplasia (lymphoma, lymphosarcoma) 

A. Lymphoma is characterized by the presence of a population of neoplastic lymphocytes. 
Depending on the appearance of ihe cells, lymphoma can be an easy or difficult 
diagnosis. 

B. Over the past 30 years, there have been several classifications systems for lymphomas 
based on tissue patterns, cell sizes, nuclear shapes, nucleolar sizes, and cytoplasmic granu- 
lation.. Most classifications were formulated for the classification of human lymphomas 
and their application to other mammalian lymphomas has been inconsistent. 

t* Rappaport classification is based primarily on sizes of the lymphocytes and patterns 
of cell growth (nodular and diffuse). 

2, Kiel classification is based on lymphocyte sizes, nuclear and cytoplasmic features, and 
separates lymphomas into B-cell andT-cell neoplasms. 

3. The Lukes-Collins classification is based on the sizes and shapes of the nuclei (e,g„ 
small, large, cleaved, noncleaved, convoluted), cellular features (small, immunoblas- 
tic, plasmacytoid, histiocytic), and separates lymphomas into B-cell and T-cell 
neoplasms, 

4. The Working Formulation system uses growth patterns (follicular, diffuse), nuclear 
outline (cleaved, noncleaved, convoluted), and cell sizes ro classify the lymphomas 
into three grades (low, intermediate, high). 

5, The revised European/ American Lymphoma (REAL) system divides lymphomas into 
B-cell or T-cell lymphomas based on immunophenoryping using CD antigens, cell 
structure* genetic features, and clinical features. A group ol specialists organized by 
the World Health Organization (WHO) modified the REAL system by incorporating 
aspects of the prior classifications (B cell, T cell, NK cell) 3 1 

C. As stated in the bone marrow section, there are many ways of evaluating lymphomas. 

The microscopic evaluation of stained cells may be the easiest and have the most clinical 
application, but it has major limitations. When cytologic preparations consist of monot- 
onous populations of large lymphoblasts with prominent nucleoli* the diagnosis of lym- 
phoma is clear. However, hisrologic examination may be required for small-cell lym- 
phomas or when there is a mixture of lymphocyte types due to a nondiffuse form or a 
recent onset. A lymph node is unlikely to be reactive and likely to be lymphomatous if 

> 50% of the lymphocytes are lymphoblasts. 

D. I m mu no phe notyping and PCR analysis can provide a more exacting lymphoma classifi- 
cation, but use of the techniques is currently limited by expense, availability, reagents* 
and lack of need. 

V. Nonlymphoid neoplasia (typically metastatic) 

A. Lymph nodes can be enlarged because of the growth of nonlymphoid neoplastic cells in 
the node. Metastatic cells can also be found during biopsies of lymph nodes that do not 
appear enlarged, 

B. Many neoplasms have the potential to spread to regional lymph nodes. Those seen more 
frequently in the peripheral lymph nodes included squamous cell carcinoma, mammary 
carcinoma or adenocarcinoma, melanoma, and mast cell neoplasia. 
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VL Ocher findings 

A, Edema may be suggested by the loose arrangement of cells that suggests dispersion ot 
cells by fluid 

B, The presence of non lymphoid hemic precursors (rubricyies, megakaryocytes, myeloid 
cells) suggests extramedullary hematopoiesis. Extramedullary hematopoiesis may occur 
when there h extensive damage to bone marrow and stimuli promote proliferation of 
hemic precursors in nonmarrow sites. 

C. The presence of erythrocytes in the sample indicates hemorrhage. If only erythrocytes are 
found, it may be difficult to differentiate pathologic hemorrhage from hemorrhage due 
to sampling. The presence of erythrophages and siderophages support the conclusion of 
pathologic hemorrhage either within the lymph node of its drainage field, 

D. A diagnosis of metastatic melanoma should be considered anytime melanin pigment is 
found. However, melanin pigment can be found in macrophages (mcl a no phages) when 
the lymph nodes drainage field contains a melanoma or necrosis or inflammation of pig- 
mented tissue. 
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Table 7.1. Abbreviations and symbols in C hapter 7 


w 

symbol in. tables to indicate relatively common disease or condition 

W 

concentration of x; x * analyte 

ADH 

amidiunetic hormone 

Alb 

albumin 

BCG 

bromcresol green 

BOP 

bromcresol purple 

C3a 

complement factor 3a 

CBC 

complete blood count 

DIC 

d i&sem i na red i n tra vascular ccagu lation 

ECF 

extracellular fluid 

EDTA 

etby lenedia minererraaceri c ac id 

ELISA 

enzyme-linked immunosorbent assay 

FDP 

fibrin or fibrinogen degradation product 

EPT 

failure of passive transfer 

Hct 

hematocrit 

HDL 

high density Lipoprotein 

Hgb 

hemoglobin 

Hpi 

haptoglobin 

IBP 

i m mutio-dect ropbo res is 

IgA 

immunoglobulin A 

%G 

immunoglobulin G 

IgC(T) 

immunoglobulin G T subtype T (T is for tetanus) 

IgM 

immunoglobulin M 

LDL 

low density' lipoprotein 

M f 

relative molecular weight 

Na,SO a 

sodium sulfite 

nh 4 * 

ammonium 

PLE 

p rote! n-losing c n teropat hv 

PEN 

p rotci n-losi ng nephropathy 

PP:E 

plasma protein to fibrinogen ratio (original) 

pTP., 

plasma total protein by refractometty 

RJD 

rad io im m unodiffusio n 

SI 

Sy steme International d 1 Unites 

SI ADH 

syndrome of inappropriate ADH secretion 

SPE 

serum protein electrophoresis 

SR1D 

single radial immunodiffusion 

*TP„ f 

serum total protein by refractometty 

Tf 

transferrin. 

TIBC 

total iron binding capacity 

TP 

total protein 

VKf 

total protein by refractometry 

(JPi¥\b) p 

total protein to fibrinogen ratio in plasma 

WRI 

within reference interval 

ZoS0 4 

zinc sulfate 
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GENERAL CONCEPTS 
I. Physiologic processes 

A, Proteins are polypeptide chains of amino acids. Over 1000 individual proteins have been 
characterized in serum* Most are not. biochemically pure proteins: they are proteins com- 
bined with other substances. For example* lipoproteins are composed of proteins, triglyc- 
eride, and cholesterol; glycoproteins contain proteins and polysaccharides (sugar). 

B. Plasma contains fibrinogen and other dotting factors. Serum is the fluid remaining after 
blood dots and does not contain fibrinogen. Most plasma proteins are synthesized by 
hepatocytes; the major exceptions are the immunoglobulins that are produced by 
B-lymphocytes and plasma cells. 

1L Protein disorders 

A. Protein dyscrasia: a condition where there is an abnormal protein (abnormal structure) 

B. Dysproteinemia: the presence of normal protein at abnormal concentration or abnormal 
protein in blood 

1 . Selective or nonselective dysproteinemias 

a. Nonselective hyperproteinemia: All protein concentrations are increased (panhy- 
perproteincmia). It results from h e moco nee n (ration. 

b. Selective hyperproteinemia: Some protein, concentrations are increased more than 
others. Typically, it results from inflammation or B-lymphocyre neoplasia. 

c. Nonselective hypoproteinemia: All protein concentrations are decreased (panhy- 
poproteinemia). It results from a proportional loss of proteins or proportional 
decrease in synthesis. 

d* Selective hypoproteinemia: Some protein concentrations are decreased more than 
others* It results from selective loss (typically small proteins selectively lost) or 
from selectively decreased synthesis of one or more proteins. 

2. To determine if the dysproteinemia is selective or nonselective, serum protein elec- 
trophoresis may be needed to evaluate the relative concentrations of protein groups, 
especially in the globulin regions. An animal with hypoproteinemia, hypoalbuminc- 
mia, and hypoglohuli nemia may or may not have a nonselective hypoproteinemia, 

a. If hypoaibumi nemia and hypoglohulinemia arc present and electrophoresis results 
indicate that all protein fractions are decreased proportionately, then there is a 
nonselective hypoprotd nemia, 

b. If hypoaibumi nemia and hypoglobulinemia are present and electrophoresis results 
indicate ihar protein fractions are not decreased proportionately, then there is a 
selective hy poprotei nem i a . 

c. The same concepts apply to hyperproteinemia evaluations. 

ANALYTICAL PRINCIPLES 

I. Methods of measuring [TP] 

A, Refraaometry for measuring [TPJ (plasma or serum) 

1. Principle; The degree of light refraction in an aqueous solution is proportional to the 
quantity of solids in solution. Because most solids in plasma are proteins, the degree 
of light refraction is highly dependent on protein concentration* 

2. The refractomcters TP scale is calibrated with the assumption that changes in refrac- 
tive index reflect changes in protein concentration alone. A temperature-compensated 
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refractometer is recommended over a non -tempera lure-compensated refractometer 

for two reasons. 

a. It does not require daily adjustments based on ambient temperatures* 

b. It will probably be more accurate. If compensated and non compensated refirac- 
tometers are calibrated to agree at 68°F, they will disagree by about 0.3 g/dL at 
75 & F and about 0.7 g/dL at 85°C (Leioa 1 S400 Total Solids Refractometer litera- 
ture). 

3. Interferences 

a. Because refractive index of a solution is dependent on concentration of solids in 
the sample, high concentrations of a variety of substances (e.g.. glucose, urea, 

Na\ CT) could increase the refractive index and thus the TP reading. The TP 
reading is reported to be falsely increased by 0.6 g/dL if plasma glucose concen- 
tration is approximately 700 tng/dL (or 0.7 g/dL) or urea nitrogen concentration 
is approximately 300 mg/dL. 1 

h. Gross lipemia will increase the refractive index and thus falsely increase the TP 
reading. 

c Hemolysis resulting in a plasma [Hgh] of 0.5 g/dL did not interfere with refrac- 
tive index values but made reading of the dividing line in the refractometer more 
difficult. 2 

d. Bilirubin concentrations at 0.4 mg/dL did not interfere with refractive index val- 
ues; 2 however, icterus is commonly listed as a cause of falsely increased values in 
clinical chemistry textbooks. Perhaps interference occurs at higher concentrations. 

4. Unit conversion: g/dL X 10 = g/L (SI unit, nearest I g/L) 3, 

5. Comments 

a. Determination of [pTPj: is part of CBC tests in many veterinary laboratories 
because it is a simple, quick, and inexpensive method for detection of hyperpro- 
teincmia and hypopioreincmia. 

b. Most refracto meters are calibrated for the normal proteins in human plasma. 

The calibration scale will vary between species because of the different compo- 
sition of plasma proteins, 2 but the difference is typically considered clinically 
insignificant. 

& [TP] in serum may also- be estimated with a refractometer; serum concentration 
will be lower than plasma [TP] because of die absence of fibrinogen in serum. 
However, there are other factors that result in differences between plasma and 
serum [TP] even if measured by the same method- 4 

(1) H^O diffuses from erythrocytes during clotting and thus lowers scrum [TP], 
As this change is rarely described, it may cause only minor changes. 

(2) Some anticoagulants (c.g„ citrate, oxalate, fluoride) cause H 2 0 to diffuse 
from erythrocytes, but heparin (if used in appropriate amounts) does not. 

The solutes of the anticoagulant will add to the refractive index, 

d. As light refraction is a physical property [TP) determined via refractomecry may 
not be the same as determined by biuret reaction. In fact, it is frequently mildly 
different (< 0.3 g/dL) but occasionally different by as much as 2.0 g/dL in sam- 
ples that arc not hcmolysed* icteric, or lipemic. 

B. Biuret reaction for measuring [TP] (serum) 

1, Principle: Copper binding to peptide bonds creates a violet complex; the number of 

peptide bonds, and therefore amount of color change, is proportional to j I P]. 

Howevcr, not all individual proteins react in the same way and not all proteins are 
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pure polypeptides that contain the same amount of nitrogen by weight. Therefore, 
|TP] determinations are not completely accurate. 

2. Interferences; In some assays, hemolysis may cause a posit ive interference (c.g.* Hgb 
at 40(1 mg/dL will produce a. 12% bias). Dextran may also cause a positive interfer- 
ence- Small peptides may react but contribute very little to total color change; 

|NH/] is coo low to interfere. 

3. Unit conversion: g/dL X 10 & g/L (SI unit, nearest I g/L)- 

4. Comment: The biuret reaction is the most common spectrophotometric method of 
measuring serum [TP], 

IL Methods for measuring albumin concentration 

A. BCG dye binding reaction (serum) 

L Principle: BCG preferentially binds to albumin and produces a color complex; the 
quantity of BCG- Alb complex is proportional to the albumin concentration. 

2. Interferences 

a. The binding of BCG to globulins will result in a falsely elevated albumin concen- 
tration. The nonalbumin binding may lead to significant errors when true serum 
albumin concentrations are very low (< I g/dL) compared to interfering globulins 
(e.g,, o^-macroglobulin) concentrations. 

b. In some assays, Hgb at 0,4 g/dL will cause a positive 24% bias; triglyceride at 0,8 
g/dL will give a negative interference of about 0.2 g/dL. 

3. Unit conversion; g/dl X 10 - g/L (SI unit, nearest I g/L)- 1 

4. Comment; BCG dye binding is the most common spectrophotometric method of 
measuring serum albumin concentration. 

B. BCP dye binding reaction (serum): BCP binding is used in some human medical labora- 
tories but BCP does not reliably bind with ail mammalian albumin molecules. BCP 
assays may give falsely low (sometimes markedly low) results in some domestic species 
(e.g.* dogs), 

C H A B A ( 2 - [4 ■' - hyd roxyazoben/ene) -ben zoi e add) dye bi nd i ng react ion s ( seru m ) : un rel i - 
able in domestic mammal serum 1 
D, Protein electrophoresis (see V below in this section) 

II L Methods of measuring or determining total globulin concentration 

A. Total globulin concentration is determined by subtraction (serum). 

L Principle; All proteins in serum other than albumin are globulins, 

2. Globulin concentration =TP concentration - albumin concentration. 

B. Protein electrophoresis (see V below in this section) 

C Unit conversion: g/dL X 10 = g/L (Si unit* nearest 1 g/L) 3 
D. Comments 

L Globulin concentration will be only as accurate as the measured TP and albumin 
concentrations* 

2r Globulin concentration represents the total concentration of all serum proteins 
other than albumin (more than 1000 proteins; eg., haptoglobin, transferrin, a r 
macroglobulin, lipoproteins, and immunoglobulins), 

IV. Fibrinogen concentration in plasma 
A. Heat precipitant method 

I, Principle: The difference in (TP r J in a sample before and after removal of fibrinogen 
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via hear precipitation (56 p — 58°C) and centrifugation estimates the fibrinogen con- 
centration. 

2, Unit conversion l mg/dL X 0.01 m g/L (SI unit, nearest OJ g/L) 3 
3* Comments 

a. A semiquantitative technique used to screen for hyperfibrinogenemia (mostly 
bovine and equine plasma) 

b. The methods analytical sensitivity is inadequate to document hypofib ri nogene- 
mia. As each refractometric reading is at best only accurate to the nearest 0.1 
g/dL, the calculated fibrinogen value should be considered to be at best within 
0,2 g/dL of the true value. 

4 . Out 1 me of heat prec i pi tan t method 

a. Fill two microhematocrit tubes (at least 3/4 full) with EDTA-aritkaagtilaied 
blood. Spin tubes in a microhematocrit cent ri luge (as for Her) for 5 mtn. 

(1) First tube: Determine |pTP r J to the nearest 0.1 g/dL. 

(2) Second tube; Place in S6°-58°C H,0 bath for 3 min, then spin in microhe- 
matocrii centrifuge as before (to pack the precipitated fibrinogen), then deter- 
mine the |TP] via refract o meter to the nearest 0.1 g/dL. 

b. Calculate fibrinogen concentration 

(1) Estimated fibrinogen concentration ■ [pTPJ of first tube - (TP frf J of second 
tube. 

(2) Example: 7.0 g/dL - 6.7 g/dL * 0.3 g/dL 

B. Thrombin time (thrombin dotting time) 

L, Principle: Thrombin time is the rime required for fibrin formation after the addition 
of thrombin to dtiated plasma. Thrombin time is primarily dependent on fibrinogen 
concentration: the lower the fibrinogen concentration, the longer the thrombin, time. 
2. See Chapter 5 for details pertaining to thrombin time and the Clauss modification of 
thrombin time, 

C. Some people have attempted to calculate a fibrinogen concentration by determining the 
difference between the [pTPJ of EDTA-plasma and a [TP„j from a serum, sample. Such 
a method! is not recommended because of non fibrinogen factors that cause differences 
between plasma and serum total protein concentrations (see Analytical Principles, LA. 5 
above). Also, errors can arise when two different samples arc collected and compared, 

V. SPE for determining protein fractions 
A. Principles 

L Scrum proteins separate into four to six major groups of one or more bands based on 
their ability to migrate through cellulose acetate or agarose in an electrical field. The 
degree of migration towards the anode (positively charged terminal) is based on elec- 
trical charge and a protein’s mass and shape. In domestic mammal sera, albumin 
migrates the farthest because it is small and very anionic. Smaller proteins may not 
migrate as far because they lack the marked negative charge. Other globulins (e.g,» 
ot 2 -macroglobulin) are very large but negative charges cause an a nodal migration. 
Some immunoglobulins are large and cationic and thus migrate towards the cathode 
or do not migrate. 

2, Major variations 

a. The same protein groups in each animal species have slight to moderate differ- 
ences in migrations, 

b. Electrophoresis using cellulose acetate separates the proteins into 5 to 9 protein 
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bauds, whereas using agarose separates the proteins into 10 to 15 protein bands, 

A protein band may represent one protein or several proteins that have migrated 
the same distance. 

C Protein bands that represent globulin proteins are grouped into electrophoretic 
regions. Via routine cellulose acetate methods h the common groups for domestic 
animals are as follows (note: a protein concentration above 0.1 g/dL is needed 
before it can be detected by this method), 

0) In most dog, cat, and horse sera., five globulin regions can. be seen: u,, flt>, p (l 

Pi, and y. 

(2) In most cattle sera, only three globulin regions are seen: a, j 3 , and 7, 

B. Calculating concentrations of the protein fractions 

1 . The protein concern radon of an electrophoretic group is the product of the [TP] 
(preferably from biuret reaction) and the percentage ol TP occupied by a region. 
When a stained cellulose acetate strip is scanned with a densitometer, stained proteins 
cause less light to be transmitted through the strip to a detector. The decreased trans- 
mittance is recorded as a deflection on a densitometer scan or tracing. After the cellu- 
lose acetate strip is scanned, the resulting curve represents the relative quantities of 
proteins {Fig. 7 . 1 ). The area under the curve represents the total quantity of stained 
protein. 

2. Densitometers are calibrated so that complete transmittance through the acetate strip 
results in no deflection of the needle (zero response). In addition, densitometers may 
be calibrated so that the most blockage of light caused by the darkest protein band 
results in nearly 100% deflection of the needle (maximum response). The darkest 
band (or the maximal response) is normally the albumin band but can be found in 
the globulin fractions. 

3 . The percentage of the total area under the curve for each region is calculated to 
determine the percentage of [TP] represented by each electrophoretic region. Then, 
the percentages are multiplied by the [TPJ to determine the approximate protein 
concentrations itt each electrophoretic region. For example, if the [TP] is 6.0 g/dl 
and electrophoresis results indicate that 50% of the stained protein is in the albumin 
band, then the albumin concentration is calculated to be 3,0 g/dL. 

• 4 , Cellulose acetate methods with the Ponceau S stain are more analytically accurate 
than agarose methods because staining intensity is neatly proportional in quantity of 
protein. However, accuracy h dependent on several factors, including the measured 
[TP], accuracy of densitometry, and the marking of protein regions. Other protein 
stains (e,g„ Coomassie brilliant blue, arnido black) have better detection limits but 
staining intensity is not as proportional to quantity of protein present as with the 
Ponceau S stain. 

C. Proteins that are the major contributors to the electrophoretic pattern are shown in Fig, 
71 and listed in ' 1 able 7 . 2 . Migration regions are for human proteins; there is little doc- 
umentation of where other mammalian proteins migrate. For some sera (c,g n bovine), 
only three or four globulin fractions will be detected. 

D. Comments 

L SPE has limited diagnostic value; it may be helpful to differentiate the causes of 
hyperproteinemia, characterize hypoprotemcmias into selective or non selective cate- 
gories., screen fora monoclonal gammopathy in normoproteinemic and hypetpro- 
teinemic sera., and provide more accurate estimation of albumin concentration when 
globulins interfere with the BCG assay. 
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anode (4) ^ * - migration « cathode (-) 

I I • • • iti 

- - I 

Celluose acetate strip Application 

(»h«W areas represent stained proteins) point 

Fig. 7.1 . .Schematic representation of SPE results {cellulose acetate strip and densitometer tracing)., (ft, ACT * 
a . -am iehy molryps in , a ( AT = a ^ -antitrypsin, a,LP ■ ti, -lipoprotein, ot>MG = a>-ma£rpglobiilin, pLF - 
(i-lipopr oiein, PA = prealbumin) 

Proteins are separated during electrophoresis in an alkaline medium on cellulose acetate; albumin migrates 
the farthest toward, the anode and globulin fractions separate into fractions (e,g„, a, -globulins, st 3 -globulins, 
-globulins, (Si-globulins, and 7-globulins). After electrophoresis, the strip is stained with a protein stain 
(e.gn Ponceau Sh bands that contain the most protein stain the darkest. When scanned with a densitometer, 
the tracer pen draws a line that corresponds with the intensity of protein staining; the darkest band causes the 
highest peak on the tracing and other peaks are relatively lower depending on the relative staining intensities 
of the corresponding bands. One peak may represent the staining of one protein (e,g,, albumin) or may repre- 
sent the sum of multiple proteins (e.g. h a -.'globulin region contains Hpt and ot r macroglobuLi n ). 


2. Analysis ol SPE is not common in clinical medicine* but understanding SPE results 
aids in understanding routine scrum concentrations of TP, albumin, and globulins. 

3. The protein bands on the cellulose acetate should be examined in addition to the 
densi to metric findings* because the tracings do not always demonstrate the abnor- 
malities in the protein fractions. 

4. The calculated concentrations of the electrophoretic fractions are at best estimates; 
the true value is usually within 0.3 g/dL of the calculated value. The calculated 
concentrations are frequently not needed to classify or interpret dysproteinerrua 
patterns. 
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Table 7.2 

* Serum proteins that contribute to 

electrophoretic regions 



M r (in 


Region 

Proteins 

thousands) 

Function and other information 

Pre-alb 



Not recognized in routine SPE of animal sera; 
includes thyroxine-binding albumin and 
retinol-binding protein 

Alb 

Albumin-* 

69 

Major contributor to oncotic pressure; transports 
Ca 2 % Mg 2 *, unconjugatcd bilirubin, fatty 
acids, thyroxine, and many other substances 

« L 

lipoprotein 

180-350 

Transports lipids (especially cholesterol); also 
called HDL; relatively very low concentrations 
in domestic mammals when compared to 
people 


a L -antitrypsin b 

54 

1 rtaci i vates p ro teases, i nd ud i ng r ryps i n , a nd t h us 
is an am inflammatory protein 


a L -antichymt>trypsin h 

68 

Inactivates proteases, including chymotrypsin, 
and thus is an ami- inflammatory protein 


ot 2 -macroglobulin 15 

820 

Inactivates proteases and thus is art anti- 
inflammatory protein 


Haptoglobins 1 ' 

80- 1 60 

Bind and transport free hemoglobin 


Transferrin* 

76 

Binds and transports iron; measured asTIBC in 
chemical assays 

& 

(3 lipoprotein 

2400 

Transports lipids (cholesterol and triglyceride); 
also called LDL 


Complement (C3a)k 

180 

Promotes inflammation; chemotactic substance 


JgM and IgA 

IgA: 160 
IgM: 900 

Bind to specific antigen. Concentrations are too 
low in health ro be seen via routine SPE. 

1 

IgG 

150 

Binds to specific antigens. Many different 

isoiypes and idiotypcs of fgG give a broad and 
usually indistinct gamma region. 


C- reactive protriiT 

110 

Positive acute phase protein; rarely seen in 
mammalian sera via routine SPE 


Awot- Most information is based on human plasma proteins, (Rjizmann SE, Daniels JC., cds. 1982. 
Strum Pwtein Abnormalities: Diagnostic and Clinical Aspects. New York: Alan R. Usv Inc. ) 

Netet; proteins in domestic mammal plasnla are assumed to migrate in similar regions. There are hundreds 
of other plasma, proteins Off clinical significance but their concentrations arc coo low in physiologic and 
pathologic states to alter the electrophoretic pattern in cellulose acetate electrophoresis. If plasma is dec* 
trophoresed. fibrinogen (M r : 343 ,000, a positive acute phase protein) should migrate in the cathodal end of 
the B ? region, 

* Negative acute phase protein. 

! ' Positive acute phase protein. 

HYPERPROTEIN EM I A {INCREASED [TPJ IN SERUM OR PLASMA) 

The diseases and conditions that cause hype rprorei n em ia are given in Table 7.3. 

I , Hemoco ncentracion 

A. Hemoconcen (ration is the most common cause of hyperproteinemia. 
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Table 73 * Diseases and conditions that cause hyperproteincmia 

"Hcmoconccn t ration 
Increased protein synthesis 
Inflammatory diseases 

* Infection: bacterid, viral, fungal, promzod 

"Non infectious disease: necrosis, neoplasia, i m mu n e-medi ated disease 
B-lymphocyte neoplasia 

Plasma cell: multiple myeloma, plasmacytoma 

Lymphocyte: lymphoma, lymphocytic leukemia 

Ntfft: All of these diseases or conditions may cause hypciglobulincta ia but only hcmoconcentration 
will cause concurrent hyperalbumincmia. 


B. Pathogenesis: Hyperproteincmia results from the concentration of plasma proteins due to 
the loss ofp! asma HXX The plasma H 2 0 loss and resultant decreased ECF volume may 
be due to vomiting, diarrhea* impaired renal concentrating ability* .sweating, insensible 
loss via respiration, increased vascular permeability or decreased HjO intake combined 
with normal Josses. 

C. If proteins were the only solids in plasma, then plasma could contain about 93% H,0 
and 7% proteins and the |TPJ would be about 7.0 g/dL in health. If dehydration led 

to a 10% decrease in plasma volume, the [TP] would increase to about 7.8 g/dL (7<G/0,9 
= 7.78), 

D. All proteins are concentrated by loss of plasma H,0; therefore, concentrations of albu- 
min, globulins, and fibrinogen are proportionately increased if dehydration is the only 
cause of the dysproteinemia (see Plate 5.5). 

E. Other expected laboratory findings 

1. Erythrocytosis 

2. Pfcrena! azotemia 

3. Hypersthenuria if renal concentrating mechanisms are functional 

II. Increased protein synthesis 
A, Inflammation 

1. Inflammation is the second most common cause of hyperproteinemia. 

2. Pathogenesis; Inflammation (caused by infections or other processes) stimulates the 
synthesis of certain globulins by hepatocytes and perhaps immunoglobulins by 
B-lymphocytes. Several cytokines, especially interleukin -6, alter protein synthesis in 
or protein release from hepatocyces.^ Cytokines primarily regulate transcription, 

3. There are three major groups of proteins in ati inflammatory dysproteinemia. 

a. Positive acute phase proteins 

0) These are proteins whose plasma or serum concentrations are increased dur- 
ing acute inflammation because of increased production by heparocyies in 
response to inflammatory cytokines. This group includes some a, -globulins, 
a 2 -globulins (such as haptoglobin and a^macroglobulin), fibrinogen, serum 
amyloid A proteins, and C- reactive protein. 

(2) Production of these proteins may increase within hours and persist as long as 
an inflammatory process is present. Increased plasma or serum concentrations 
may be seen by 2 days after the onset of inflammation, 

b. Negative acute phase proteins 
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(!) These are proteins whose plasma or serum concentrations are decreased dur- 
ing acute inflammation because of decreased production by heparocytes, This 
group includes albumin and transferrin. 

(2) Due to the life spans of albumin and transferrin* hypoalbuminemia and 
decreased TIBC (a reflection of transferrin concentration) may not be seen 
until inflammation has persisted for at least a week, 
c. Delayed response proteins 

(1) These are proteins whose plasma or serum concentrations increase 1-3 weeks 
after the onset of inflammation due to increased production, 

(2) This group includes all immunoglobulins (Ig( i mostly) and complement 
(C3). Increased synthesis of a variety of immunoglobulins by many types (or 
clones) of B- lymphocytes produces a polyclonal gammopathy. 

4, Expected dysproteixiemia patterns 

a. Acute phase response: hyperproteinemta due to acute Inflammation of about 2-7 
days duration 

(1) Mild hyperprotei item ia due to Ky perglobu I i nem ia (increased Ot |- and/or <* r 
globulins and hy perfi br t noge nem ia) 

(2) Possibly mild hypoalbuminemia or low-normal serum albumin concentration 

b. Delayed response: hyperproteinemta due to chronic inflammation greater than 7 
days duration 

(1) Hyperproteinemta (mild to marked) is due to by perglobu! inemia (increased 
positive acute phase and/or delayed response proteins); polyclonal gammopa- 
thy may or may not be detected by SPE. 

(2) A mild to moderate hypoalbuminemia may be present. 

(3) The net change in protein concentrations may produce a dysproteinemia 
with a lower albumin concentration and greater concentrations of some glob- 
ulin fractions (see Plate 5.Q. 

c. Polyclonal gammopathy: hyperprotei nem ia due to chronic inflammatory and typ- 
ically infectious diseases 

(1) Hyperprotcincmia is due to hypergammaglobulinemia (typically IgG): y- 
gfobulin fraction may be broad-based (see Plate 5.F) or have a restricted 
migration that results in a '"compact 7-globulin band'" that mimics a mono- 
clonal spike (see Plate 5 *£?)/-* 

(a) Polyclonal immunoglobulins consist of one or more heavy-chain classes 
and both light-chain classes. 

(b) A polyclonal gammopathy with a restricted migration has been called an 
oligodonal gammopathy. It k not a monoclonal gammopathy because its 
proteins do not meet die criteria for monoclonal proteins; there are 
increases in « and A light chains. 

(c) The “monoclonal" gammopathies that some authors have described in 
animals with infectious diseases (e.g., ehrlichiosis, leishmaniasis) may 
have been oligodonal gammopathies. 

(2) Mild to moderate hypoalbuminemia 

5. Other expected laboratory data 

a. May develop anemia of inflammatory disease if inflammation persists 
b- Inflammatory neutrophilia or neutropenia 
e. Inflammatory lymphocytosis or lymphopenia 

d. Inflammatory monocytosis 


tyrigh 


material 


262 


FUNDAMENTALS Of VETERINARY CLINICAL PATHOLOGY 


6. Concurrent pathologic processes may complicate interpretation of the protein data. 
For example, there can. be a concurrent increased fibrinogen production due to 
inflammation and increased, fibrinogen consumption due to intravascular coagula- 
tion, Or. there can be concurrent inflammation and hcmoconccntratton or inflam- 
mation and protein dosing states. 

B B- lymphocyte neoplasia 

1. Pathogenesis; Neoplastic B-lymphocyies may produce large quantities of an 
immunoglobulin; typically, there is one neoplastic cell line or one clone of neoplastic 
lymphocytes. The single clone of lymphocytes produces an electrophoretically, struc- 
turally, and antigcnicaUy homogeneous immunoglobulin or comparably homoge- 
neous immunoglobulin subunits. The resulting dysproteinemia is called a monoclon- 
al gammopaihy, 

2. Proteins produced by B-lymphocyre neoplasia are sometimes called M-proteins (for 
monoclonal proteins), H M n has also been used as an abbreviation for myeloma and 
macroglobulin and thus one must interpret “M -protein" in contact, A monoclonal 
protein consists of two heavy chains of the same class (c,g„ JgM) and subclass (e.g,, 
JgGl, IgG 2) and two light chains of the same type (either k or A, not both) (Fig, 
7.2). 4 The neoplastic cells may produce intact immunoglobulins, free light chains, 
only heavy chains, or abnormal fragments J n 

3. Types of B-lymphocytc neoplasia that may cause a gammopathy 

a. Plasma cell neoplasia: multiple myeloma (most frequent cause), extramedullary 
plasmacytoma 

b, Lymphocyte neoplasia: lymphoma, lymphocytic leukemia 

4. Expected dysproteinemia pattern 

a. Mild to marked hyperproreinemia produced by hy perglobul i nem ia that contains 
a monoclonal gammopathy The monoclonal protein may migrate in fT or y- 
globulin fractions, 

(1) IgG typically migrates in y-globulin fraction; IgM and IgA typically migrate 
at: the (3-y junction or in the (3-globulin fraction (see Plate 5.GV 

(2) Atypical electrophoretic migrations may be caused by protein degradation.* 
binding to other proteins* formation of immunoglobulin complexes, and pro- 



Fig. 7*2* Schematic structure of an immunoglobulin. 

Immunoglobulin consists of two heavy chains of the same class (ft for IgA, y for IgG, & for IgD, e for IgE, 
and p for IgM: l and rwo light chains (either k or A„ not both). The combination of a light chain and the 
darned segment of a heavy chain is a Fab fragment that contains an antigen-binding iiie, 'The tail of the Y 
(vertical segments of two heavy chains) is the Fc fragment. 
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duct ion of incomplete immunoglobulins (e.g., light chains, heavy chains, or 
abnormal fragments). 9 

(3) Concern rations of immunoglobulins other than the monoclonal protein fre- 
quently are decreased, 

h. Mild to moderate hypoal bum inem i a may he caused by decreased albumin synthe- 
sis due to inflammatory' cytokines* or by a negative feedback mechanism involv- 
ing an oncotic pressure receptor on hepatocyres. Increased concentration of y 
globulins (cither by infusion or endogenous production) does decrease albumin 
synthesis, but the mechanism has not been established. 12 

5. Confirming the presence of a monoclonal gammopathy in domestic mammals is 

rarely accomplished. 

a. Scrum electrophoresis is useful to screen for potential monoclonal spikes but fre- 
quently lacks sufficient specificity to reliably differentiate a monoclonal gam- 
mopathy from a restricted polyclonal or oligoclona! gammopathy 

(1) Agarose electrophoresis or high -resolution electrophoretic methods will 
improve detection of protein bands over cellulose acetate methods but they 
do not provide the information needed to confirm the presence of a mono- 
clonal gammopathy. w 

( 2 ) A narrow globulin spike that is not in the 7-globulin fraction is probably a 
monoclonal gammopathy since such bands are usually due to either IgA or 
IgM and not to IgG* High concentrations of IgA or IgM are not expected in 
a non- neoplastic immune response. 

(33 A narrow globulin spike in the 7-globulin fraction could be a monoclonal 
gammopathy (due 10 0- lymphoid neoplasia) or an otigoclonal (or restricted 
polyclonal) gammopathy (due to an immune response), 

b. 1mm unoelect ropho res is 

(1) If a monoclonal protein is suspected, then immunoelectrophoresis with species- 
specific anti- IgC! (including subclasses), anu-lgM, anti-IgA, anti— tc chain, or 
anti-X chain is needed to differentiate monoclonal and polyclonal gammo- 
pathies. 9 Unfortunately, such antisera are rarely available for domestic mammals. 

(2) ft it is a monoclonal gammopathy, then the increased concentration of one 
heavy-chain class (or subclass) will be associated with either k or A chains 
because a lymphocyte done produces either k or X chains, not both. 11 

c. Immunofixaticm is reported to have greater sensitivity than Immunoelectrophore- 
sis but requires monospedfo antisera to lgG, IgM, IgA, and free and bound k or 
X chains, n 

d. SRJD 

(!) 5 RID assays for [IgVtJ and |IgA] may Ik used to support a monoclonal gam- 
mopathy conclusion because high concentrations of IgM or IgA are not 
expected in inflammatory states. 

(2) 5 RID assays for ratal [IgG] cannot be used to differentiate an IgCi polyclonal 
gammopathy from an ]gl ■ monoclonal gammopathy. 

G . Assoc ia ted laboram ry o r cl i n tea I prob leans 

a, Bence Jones proteinuria (BJ proteins = fight chains of immunoglobulins) 

(1) Bence Jones proteinuria may occur because there is an increased formation of 
K or X light chains by lymphoid cells. Light chains (M^ » 23*000 monomer 
or 46,000 dimer) pass through the glomerular filtration barrier and small 
quantities are resorbed by proximal tubules. If renal resorptivc capacity is 
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exceeded or if renal, disease develops, light chains are excreted in urine , If 
urine proreins are concentrated prior to electrophoresis, light chains can be 
found in the (E -globulin fraction (see Plate 5 ♦/. 2 b 

(2) The Bence Jones proreins do not react strongly with the protein reagent pad 
of routine urinalysis procedures but do with the sulfosalicylic acid 
procedures , 11 Accordingly, the reagent pad test may fail to detect a significant 
proteinuria (see Chap, 8 ), 

(3) Confirmation of a Bence Jones proteinuria is attempted by two methods. 

(a) Bence Jones test :- 4 Bence Jones proteins have unique thermal properties?, 
they precipitate between 40°C and 60°C, return to a soluble state at 
KXTC then precipitate again when cooled- Bence Jones protein concen- 
tration needs to be > 145 mg/dL to get a positive result , 11 Other proteins 
may precipitate and make interpretation difficult; these proteins may be 
removed by filtering the hot, urine and then the filtrate can be used for 
the Bence Jones test* The thermal properties of Renee Jones proteins are 
due to the variable portions of the light chains, 1 '' 

(b) Immunoelectrophoresis for K or X light chains is the preferred method, 
but is not readily available ter individual species, 

b. Hyperviscosity syndrome 

(1) High immunoglobulin concentrations may cause the plasma to become vis- 
cous. Viscous plasma leads to sluggish blood Bow in capillaries and causes 
poor perfusion and thus tissue hypoxia (stagnant hypoxia). Major tissues 
affected include brain, eyes, and kidneys. 

(2) The high plasma protein concentration may also cause abnormal platelet 
function. 

(3) The hyperviscosity syndrome is seen with high concentrations of IgA, IgG, or 
IgM ' 

7, Comments 

a. An increased concentration of an immunoglobulin is called a gammopathy 
regardless of where the immunoglobulin migrates with SPE (it could be in a-, pte 
or y-globulin fractions). 

b. Some authors have reported that infections (e,g„* ehrlichiosis) can cause a mono- 
clonal gammopathy because a narrow-based spike was seen in densitometer scans 
of routine SPE, The observed spike may have represented a compact 7 -globulin 
band (called an oligodonal or a restricted polyclonal gammopathy ) 7 in which 
many IgG types migrated in the same restricted space,, It is very unlikely that an 
infection with complex organisms such as Ehrlichia would result in the stimula- 
tion of only one done of lymphocytes to produce a monoclonal gammopathy 
with only K or X light chains. 

HYPO PROTEIN EM I A (DECREASED {TP] IN SERUM OR PLASMA) 

r l he diseases and conditions that cause hypoproteinemia are given in Table 7,4. 

I. Increased protein loss from, vascular space 

A, Blood loss (primarily external hemorrhage: acute or chronic) 

L Pathogenesis: Hypoproteinemia occurs, when the remaining plasma proteins are dilut- 
ed by movement of extracellular fluid from extra vascular space to intravascular space 
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Table 7.4, Diseases and conditions that cause hypoproteinem ia 

Increased protein loss from vascular space 
* Blood loss 

^Protein-losing nephropathy: glomerulonephritis, amyloidosis 

"Protein-losing enteropathy: small intestinal mucosal disease, lymphangiectasia, intestinal 
blood loss 

Protein-losing dermatopathy: bums, generalized exudative skin disease 
Decreased protein synthesis and/or increased protein catabolism 
* Hepatic insufficiency 

B Malabsorption or maldigestion; intestinal mucosal disease, exocrine pancreatic insufficiency 
’‘Cachectic states: chronic diseases, neoplasia, malnutrition, starvation 
Lymphoid hypoplasia or aplasia 
Failure of passive Transfer (FPT) 

Hemodilution 

Excess administration of intravenous fluid 

Edematous disorders: congestive heart failure, cirrhosis, nephrotic syndrome 
Excess ADH secretion: SlADH 

Note : Total protein concentrations in healthy pups, kittens, calves, and foals may be 1-2 g/dL less 
than those found in mature animals. 


(see Mechanism of Acute External Blood Loss Anemia in Chap, 4). Hypoprotcincmia 
will persist as long as the rate of loss exceeds the rate of protein production. 

2 , Major labo ratory findings 

a. Panhypoproteincmia: decreased [TP] with decreased concentrations of albumin 
and. globulins; a nonselective bypop rote itiemia 
fee Anemia: The type of anemia depends on chronicity of blood loss (see Chap. 4). 

B. PLN 

1 . Pathogenesis: Renal glomerular damage (e.g., by immune complex or amyloid depo- 
sition) causes either a retraction ot podocytes or loss of the selective permeability of 
the glomerular basement membrane. Either or both lesions allow larger and more 
negatively charged proteins through the glomerular filtration barrier. When proteins 
enter the filtrate at a rate greater than proximal Tubules can resorb, then proteinuria 
occurs. When the rate of protein loss exceeds protein production, hypoprotcincmia 
occurs. The largest proteins (e.g,, a r macroglobulin and pdipoprotcin) typically are 
not lost through glomeruli and thus a selective hypoproieinemia occurs. Because dogs 
and cats normally have very little ^-lipoprotein, the fib -global in fraction typically is 
not relatively increased as it is in people with a PLN. 

2. Diseases: gjomerufonephri tides, amyloidosis 

3. Major laboratory findings 

a. Mild to marked hypoproteinemia with hypoalbuminemia and no rmoglobul he- 
rnia (occasionally hypoglobulinemia} 

b. SPE results: selective hypoproteinemia pattern with a 2 -globulins WRI or only 
mildly decreased, but other protein fractions definitely decreased (see Plate 5./, 1) 

e. Moderate to marked proteinuria dominated by albuminuria (see Plate 3-/. 2) 
dr Perhaps evidence of renal insufficiency (azotemia, isosthenuria) if the disease has 
destroyed enough nephrons 

e. Hypercholesterolemia and abdominal transudate it nephrotic syndrome 
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C. PLE 

L Pathogenesis 

a. Intestinal secretions arc relatively protein -rich, typically are digested and absorbed 
in the small intestine* and then arc transported to the portal system and lymphat- 
ic vessels. When, generalized small intestinal mucosal diseases or lymphatic dis- 
eases prohibit the absorption or transport of the proteins, they are lost in feces. 
When the rate of protein loss exceeds the ability of the liver and lymphocytes to 
prod Lice proteins, hypoproteinemia occurs, 

b. tn some disorders, inflammatory exudation and decreased protein intake con- 
tribute to the hypoproteinemia. 

c. Intestinal blood loss due to parasitism is one form of PLE, 

2. Diseases 

a. Generalized small intestinal mucosal diseases: lymphoma, histoplasmosis, lym- 
phocy cic/plasmacytic/eosmoph i I ic enceri i is 

b. Horses with acute enteritis 

c. Lymphatic disease: lymphangiectasia, lymphosarcoma 

d. Intestinal blood loss: hookworms, whipworms, neoplasia 

3* Major laboratory Endings 

a. Mild to marked hypoproteinemia with hypoalbumi nemia and hyppglobuli nemia 
(o r no rmoglobul i nemia) 

b. SPE results: usually a nonseleciive pattern but may be selective 

c. Other li ridings may indicate or suggest the inciting pathologic state (e.g,, 
Histcplmma organisms or neoplastic lymphocytes in biopsy samples; melena or 
other evidence of blood loss). 

D. Protein- losing dermaropathy 

1. Pathogenesis 

a* Thermal or chemical burps allow plasma proteins to exude from cutaneous 

lesions at a rate greater than the rate of protein production. If not seen soon after 
the injury, the dysprotei nemia will reflect a mixture of cutaneous protein loss and 
an acute phase inflammatory response. ^ 

b. Generalized exudative skin disease can contribute to the hypoproteinemic state, 
but the dysproieinemia may reflect a mixture of protein loss and an inflammatory 
dysprotei nemia. 

2. Major laboratory findings 

a. Early: nonselective hypoproteinemia 

b- l-aien nonselective hypoproteinemia masked by either an acute or chronic inflam- 
ma to ry dysp roiei nemia 

IL Decreased protein synthesis and/or increased protein catabolism 
A. Hepatic insufficiency (or hepatic failure) 

1- Pathogenesis: Marked reduction in functional hepatic mass (< 20% remaining) results 
in decreased synthesis of nearly all plasma proteins except immunoglobulins. Normal 
protein catabolism combined with decreased protein synthesis produces the hypopro- 
tcincmia. 

2. Disorders 
a. Cirrhosis 

k Hepatic necrosis or inflammation (not acute) 

C Hepatic atrophy secondary to portosystemic shunts 
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d. Neoplasms that cause extensive damage to liver 
3. Major laboratory findings 

a. . Hypoproreinemia, hypoalbuminemia* and normoglobullncmia or liypoglo- 

bulinemia 

b. SPE results: typically a nonsclcttive pattern; possibly relative excess in (3 r or 
■y-glo bnl ins because of one of two theories 

(1) There may be a compensatory increased synthesis of immunoglobulins to 
attempt to maintain a colloidal or oncotic pressure in the vascular system. 

(2) A M ver removes antigenic material and IgA from the portal blood. With 
hepatic insufficiency* the antigenic material gains entrance to peripheral 
blood and induces a systemic immune response (increased IgM, IgA, or IgG). 
Because IgM and IgA migrate in the f& 2 ~globulin fraction and IgG in the 
7 -globulin fraction, there may not be a dear distinction between p r and 
7 -globulin fractions (called a beta-gamma bridge). 

4* Other chemical findings of hepatic disease or dysfunction: increased hepatic en- 
zyme activities, decreased urea concentration, increased bile acid or ammonium 
concentrations 

B. Malabsorption or maldigestion 

1. Pathogenesis: A malabsorpttve or maid iges rive state results in a deficient intake of 
basic body fuels (carbohydrates* proteins, or fats) to replace fuels used by metabolic 
pathways for daily energy* Once depleted, protein catabolism and use of amino acids 
for gluconeogenesis leads to a deficiency in energy and amino acids for hepatocellular 
and lymphocytic protein synthesis. When catabolism exceeds production, hypopro- 
teinemia occurs* 

2. Disorders 

a. Malabsorption; small intestinal diseases where generalized mucosal involvement 
causes malabsorption of digested proteins, carbohydrates* and I i [fids 

b. Maldigestion: exocrine pancreatic deficiency (due to chronic pancreatitis or pan- 
creatic atrophy) creates deficiencies in proteases* lipase, and amylase and thus 
maldigestion of proteins, lipids (fat) * or carbohydrates (starches) 

3. Major laboratory findings 

a. Hypoprotememia, hypoalbuminemia, and no rmogiobu! i nemia or hypoglo- 
bulinemia 

b. SPE results; typically a nonselective pattern (see Plate 5*//) 

c. Other findings dependent on primary pathologic state (e.g,* decreased trypsin-like 
immunoreactivity with exocrine pancreatic insufficiency, poor xylose absorption 
with makhsorpiive states [see Chap* 15!) 

C. Cachectic states 

L Pathogenesis; When the rate of protein catabolism exceeds protein production, the 
negative protein status results in a hypopro teinemia. Before a clinical hypoproteine- 
mia develops, the animal attempts to maintain glucose and most serum proteins 
(especially albumin) at the expense of other tissues* Therefore* this hypoprotememia 
is expected when there has been, loss of body weight due to decreased fat and muscle 
mass. 

2. Disorders 

a. Chronic diseases such as chronic infections and malignant neoplasia 

b. Marked malnutrition or starvation 

3. Major laboratory findings 
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a» Hypoprotcincmia, hypoalbum i Hernia, and normoglobulinemia or hypogfobulinemia 
lx SPE results: typically a nonsdective pattern 
c. Other Endings dependent on primary pathologic state 
D r Lymphoid hypoplasia or aplasia 

1. E-lymphocytes produce immunoglobulins and not other major plasma proteins, A 
mild hypoproteinemia can be created by lymphoid hypoplasia if concentrations of 
other proteins are WRI. 

2. Expected dysproteinemia 

a. [TP] is WRI to slightly decreased. Albumin concentration is WRI, and globulin 
concentration is WRI or slightly decreased. 

b. SPE results: decrease in y-globulin concentration 

3. Disorders 

a. Combined immunodeficiency in horses (Arabian, Appaloosa) and dogs (Basset 
hound, Cardigan Welsh corgi. Jack Russell terrier): need quantitative 
immunoglobulin techniques to confirm decreases or deficiencies of immu- 
noglobulins 

b, Chemotherapy or infections causing lymphoid hypoplasia 

HI, FPT 

A, Neonates who fail to ingest or absorb colostra! antibodies will have lower serum or plas- 
ma {TP] because of lower [IgG|* However, in flam mar ion or dehydration can increase the 
[TP] in such animals and thus mask the ET J T. 

B. This relationship between [EgG] and [TP] has been explored and resulted, in the follow- 
ing findings in sera from 1- to 8-day-old calves when compared io an [IgG] decision 
value of 1000 mg/d L, 11 

1, With jsTPJ of 5.0 g/dL as a decision value, 83% were correctly classified regarding 
passive transfer status. 

2 , With [sTPJ of 5,5 g/dL as a decision value, 82% were correctly classified regarding 
passive transfer status. 

IV. bkmodilution: Increased ECF volume 

A. By itself, increased ECF is a very uncommon cause of hypoproteinemia but it may lower 
protein concentrations that were already decreased because of another problem, 

B. Disorders or conditions 

1 . Excess administration of intravenous fluid (too fast or too much) 

2. Edematous disorders (congestive heart failure, cirrhosis, nephrotic syndrome) 

3. Excess ADH secretion (51ADH) 

HYPERALBUMINEMJA 

The diseases and conditions that cause hyperalbuminemia are given in Table 7,5* 

Table 7.5 » Diseases and conditions that cause hypcraJbuminemta __ 

* Hemoconcen \ rat ion 

Increased albumin synth esis induce d by glucocorticoid drugs or hormones 

Note: If albumin concentration is determined by the BCG method, die BCG dye may bind to pro- 
teins other than albumin and thus give a pseudohyperalhuminemia. 
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I. Hemoconcentration (dehydration): Decreased ECF volume 

A. Decreased plasma HjO leads to greater concentrations of those substances (including albu- 
min) that have circulating fife spans longer than the time it cook to become dehydrated, 

B. Hemocon cent ration is the most common reason for hypefalbummemia; concurrent 
hyperproteinemia and perhaps erythrocytosis are expected, 

II. Induced synthesis by glucocorticoid therapy 

A, Glucocorticoid therapy can cause hyperalbuminemia in dogs 1 *" 1 * and in cats (unpub- 
lished data). In dogs* albumin concentration increased about 2 g/dL after 4—5 days of 
treatment with methyip redn i solone {4 mg/kg 1M per day),' 6 Also in dogs after 4 weeks 
of treatment with prednisone (0,55 mg/kg, ql2hr), albumin concentration increased 
about 0,8 g/dL along with a concurrent increase in haptoglobin concentration. 1 

R„ Increased albumin concentration may be the result of increased production |S> or possibly 
increased life span. 

III. Falsely increased concentration determined by BCG dye method 

A. BCG dye preferentially binds to albumin. However, it also binds to some other proteins 
and thus a measured albumin concentration represents the dye binding to albumin and 
some globulins. One globulin that binds BCG dye is orosomticoid (ctj-add glycoprotein). 

B, This pseudohyperalbum inemia is seen most frequently in equine and swine sera, but it 
also occurs in other sera. The anomalous albumin concentration may nor be recognized 
in hypoaJbummemic samples; he.* the hypoalbuminemia is more severe than indicated 
by the measured concentration. 

H YPOALB U Ml N EM 1A 

% 

The diseases and conditions that cause hypoalbuminemia are given in '[able 7,6. 


Table 7,6. Diseases and conditions that caus e hypoalbuminemia 

Decreased albumin synthesis 
"Inflammation 
"Hepatic insufficiency 
"Malabsorption and maldigestion 
"Cachectic states 
Hy pcrgammaglo bul i nem i a 
Increased albumin loss 
"Blood loss 

"Protein-losing nephropathy: glomerulonephritis* amyloidosis 

* Protein-losing enteropathy: small intestinal mucosal disease* lymphangiectasia, intestinal 
blood loss 

Pro rein-losing dermatopathy: burns* generalized exudative skin disease 
Hcmodi lotion 

Excess administration of intravenous fluid 

Edematous disorders: congestive heart failure, cirrhosis, nephrotic syndrome 
.Excess ADH secretion: S1ADH 

Note: Albumin concentrations in healthy pups, kittens* calves* and foals may be 0.5- 1.0 g/dL less 
than those found in mature animals. 
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E Hypoal bum memia commonly occurs with hyperprorememia and hy poprotci nemia, hue it 

also can be seen when there h normoprordnemia. 

II. Pathogeneses of the h ypoal bum i nem ic states are described in the appropriate dysprotei nemia 

sections (see sections Hyperproreinemia, II; and Hypoprotdnemia above). 

HYPERGLOBU LI NEMIA (See Hyperproteinemia section above,) 

HYPOGLOBU LI NEMIA (See Hypoprotei nemia section above.) 

FIBRINOGEN 


l 


Hypcrfibri nogenem id (plasma) (Table 7.7) 

A. Two major causes 

1 , HcmocoiKcm ration: decreased plasma H ; 0 

2. Inflammation: increased fibrinogen production by liver 

B. f TP ] is usually also increased with these disorders but may be WRL Usually; fibrinogen 
concentration increases relatively more than JTP] in inflammation. With dehydration, 
the increases in [TP] and .fibrinogen concentration should be relatively the same; e,g., 
they both increase by 5%, These concepts led to the development of the ITT ratio (Eq. 
7.1. a) 7° The ratio was simplified a lew years later by not subtracting fibrinogen concen- 
tration from the [TPJ [Eq. 7.l.b). 21 


IT: F ratio - 


[plasma TP] - [fibrinogen] 
[fibrinogen] 


(7*1 .a*) 


(TP: Fib) p 


ratio «* 


[plasma TP) 
| fibrinogen] 


(f.t.b.) 


Example: [pTP] = 8.8 g/dL 6c [fibrinogen] = 0.8 g/dL 


0.8 g/dL 

(TP: Fib) ratio = 8,8 g/tlL = 1 1 
p 0.8 g/dL 


80 g /dL -to 
0.8 g/dL 


C, PP:F ratio of (TP:Fib) p ratio 

I . Purpose: attempt to differentiate hyperfibrinogenemias of inflammation and de- 
hydration 

2* The original interpretive guides and normal values were established with the PP:F 
ratio. 10 ^ The PP:F ratios in healthy mammals varied between species and by age 
group, mostly because of different total protein concentrations. 2 ^ 
a. Cattle: If the ratio is » 15, hyperfibrinogenemia is probably due to dehydration; if 
the ratio is < 10, hypcrfibri nogenemia is probably due to inflammation. 


Table 7.7. Di ceases and cond it io ns that cause hyperfibrinogenemia 

Increased fibrinogen production 
"Inflammation 
Hemoconceniration 


DV 
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b. Horses: II the ratio is > 20, hyperfi brinogenenrt h is probably due to dehydration; 
if the ratio k < 15 > hyperfibrinogenetnia is probably due to inflammation. 

c. If the simpler calculation, (TP:Fib) p ratio, is used* a “1 " should be added to 
guideline values to be consistent with guidelines determined by using the PP:F 
ratio (e.g., > 16 in cattle is probably dehydration). 

3. Guidelines are based on the assumptions that healthy animals TP and fibrinogen 
concentrations are WRI and then one of two th ings happens: the animal becomes 
dehydrated or develops an inflammatory disease. 

a. Dehydration will cause increased concentrations of all proteins to the same degree 
and thus the PP:F and (TP:Fib) r ratios do not change. 

b. Inflammation will cause increased concentrations of fibrinogen and some proteins 
but also decreased concentrations of other proteins. Thus, the PP:F and (TP:Fib) p 
ratios will decrease because the denominator will increase relatively more than the 
numerator. 

4. Additional factors to be considered 

a. Concurrent dehydration and inflammation will make interpretation of the ratios 
more difficult. Increased fibrinogen consumption in the pathologic state will also 
cloud the issue. 

b. Dehydration by itself will cau.se only minor increases in fibrinogen concentration. 

c. The above ratio guidelines are not appropriate for calves and foals, because the 
ratio reference intervals are for mature animal values. They also are not appropri- 
ate for cattle and horses chat have a concurrent pathologic state that causes 
hypoproreincmia. 

d. The accuracy of refractometric values is at best ± 0.1 g/dL. Thus the accuracy of 
the calculated ratio i$ probably better with higher fibrinogen concentrations. Even 
then, however, they should be considered estimates. 

IX Why are fibrinogen concentrations and PP:F ratio or (TP: Fib) ratio used In cattle and 
horses? 

1, Leukogram changes in inflammatory conditions frequently are mild and may not 
indicate the presence of an inflammatory disease. Flyperfibrinogenemia may be pres- 
ent whether or not the leukogram reflects an inflammatory state. 

2. The PP:F ratio or the (TP: Fib) ratio is used to attempt ro determine the contribu- 
tion of dehydration to the hyperfi brmogenemic state. 

II. Hypofibrinogenemia (plasma) (Table 7.8) 

A, Heat precipitation techniques lack sufficient analytical sensitivity and precision to be 
used for detection or confirmation of hypofibrinogenemia. Quantitative assays arc 
needed for documentation of hypofibrinogenemia. 

EL Causes of hypofibrinogenemia (more information in Chap. 5) 

Table 7.8. Diseases mud conditions that cause hypofibri nogenem ta 

Increased fibrinogen consumption 

"Intravascular coagulation (local! red or disseminated) 

Increased fibrinogenolysis 
Decreased synthesis of fibrinogen 
Hepatic insufficiency 
Afibrinogenemia (congenital or inherited) 

Dysfi brinojgenem ia 
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L Increased consumption of fibrinogen 

a, Intra vascular coagulation: load or disseminated thrombi formation or vasculitis 

b. Increased fibrinoge no lysis: DIC 
2, Decreased synthesis of fibrinogen 

a. Hepatic insufficiency: must be marked reduction in hepatic function before clini- 
cally significant hypofibri nogen .emia occurs 

b, Inherited or congenital disorders: afibrinogenemia, hypofibrinogenemia, and dys- 
fibri nogene mia 

(1) The common assay for detecting hypofibrinogenemia is the thrombin time* 
or its Clauss modification (see Chap, 5), 

(2) Afibrinogenemia, hypofibrinogenemia, and dyafibrinogenerma have been 
reported in dogs, but the antigenic assays needed to differentiate the true and 
functional deficiencies have not always been done. Fibrinogen deficiencies 
have been found in the Bichon Frise, 2 * Bernese mountain dog (Berner sen- 
nenhund), 2 ' and the Lhasa apso, vizla,. and collie A 4 Some of the dogs had 
prolonged hemorrhage after the hemostasis system was challenged. 

IMMUNOGLOBULIN G (IgQ 

I. The most common reason for measuring | IgG | is to determine if there has been successful 
passive transfer of IgG from a mother (mare or cow) to her foal or calf via colostrum. 
Accordingly, passive transfer will be the focus of this section. Immunoglobulin concentra- 
tions, i.e„ IgG, lgM t IgA, IgG CO, may also he measured when evaluating congenital and 
acquired immunodeficiency states or when assessing potential monoclonal gammopathies, 

IL Physiologic processes 

A. Placen ration in horses and cattle prevents in utem transfer of immunoglobulins to the 
fetus, so neonatal horses and ruminants must ingest colostrum soon after birth (before 
"gut closure") to obtain maternal immunoglobulins, especially IgG. After ingestion and 
absorption, the half-life of maternal IgG is about 20—30 days in foals 17 and 20 days in 
calves. :il Inadequate immunoglobulin transfer results in increased risk of infectious dis- 
eases and decreased rate of gain. 

B. Neonatal foals prior to colostrum have essentially no IgG in their plasma; calves have 
very low concentrations. Once exposed to antigens, the neonatal foal U stimulated to 
produce IgG and protective immunity in about 10-14 days,- Synthesis of IgG by Calves 
can be detected by 8-16 days,* 5 

C. Fetal foals and calves have limited ability to produce IgM and thus neonatal foals and 
calves should have low concentrations of IgM. 

ML Causes of FPT 

A. Lack of colostrum ingestion (neonate is too weak or because of other factors) 

B. Inadequate IgG in colostrum (decreased concentration or inadequate volume of 
colostrum) 

C. Failure to absorb ingested colostrum (ingested after "gut closure") 

IV. Establ Lining presence o r absen ce of pass i ve transfer 

A. Foal guidelines. Blood samples are collected between 18 and 48 hr after birth. 

1 . For several years* [ IgG] > 400 mg/dL was considered evidence of passive transfer. 
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However, [IjiGJ > BOO mg/dL may be a better criterion arid is currently recom- 
mended, 27, 31 

2. HgGJ < 200 mg/dL is considered evidence of FPT. 

3* JlgGJ between 200 mg/dL and 800 mg/dL is considered as evidence of partial HPT, 
Such concentrations may not provide adequate humoral protection* especially for 
foals with higher risk factors, 

B. Calf guidelines are not firmly established; two published guidelines follow. For each, 
blood samples are collected between I and 8 days, after birth, 

L One recommendation 1532 

a, (IgG] > 1000 mg/dL is considered evidence of passive transfer. 

b. [IgGl < 500 mg/dL is considered evidence of FPT, 

2, Another recommendation^ 34 

a. [lgG] > 1600 mg/dL is considered evidence of passive transfer. 

b. [IgG] » 800-1600 mg/dL is considered partial passive transfer. 

c. [IgG] < 800 mg/dL is considered FPT. 

C. Results for blood samples collected from older foals or calves, especially if ill, will be 
more difficult to interpret since the half- life of maternal IgG and a neonates response to 
antigens after birth must be considered, 

V Methods of measuring or estimating [IgG] in foals and calves 

A, Because of the lack of standardization of assay methods and reference standard sera, there 
may be marked variations in IgG concentrations measured by different IgG assays. Thus, 
the interpretive guidelines will vary. 

B, SRJD test for foal or calf scrum 

L Principle: IgG diffuses in a gel containing ami-equine or anti -bovine IgG for 18=24 
hr. The diameter of a precipitant ring is proportional to the [IgG] in scrum, 

2. Results: SR1D is considered to be a quantitative assay for measuring [IgGj* 

3. Comments 

a. Usually 5RID is considered too time consuming (24- hr diffusion lime) and 
expensive for routine clinical use. 

b. SRID has been considered the gold standard method in veterinary laboratories; 
however, some commercial SRID assays overestimate [IgGfi especially at [IgG] > 
2000 mg/dL. 31 Also, some published [IgG] values for neonates appear to be unex- 
pectedly high if compared to expected !TPJ. 

C, GluiaraJdchyde coagulation test for foal or calf serum 

L Principle: GLutaraldchydc (10%) promotes the formation of molecular cross-] in kages 
to coagulate basic proreins such as immunoglobulins and fibrinogen. Because fibrino- 
gen is absent in serum and very little IgM is present in neonatal foal serum* the 
amount of coagulated protein is primarily dependent on [IgG] . 

2. Results 

a. For est i mat ion of equi ne L IgG ] 

(1) Reported semiquam native values (gelling times may vary with newer assays) 

(a) [IgG] £ 800 mg/dL if serum forms gd £ 10 min. 

(b) [IgG] > 400 mg/dL if serum forms gel £ 60 min. 

(c) | IgG] <l 400 mg/dL if serum did not gel by 60 min. 

(2) Excellent agreement with SRID assay when [IgGl < 400 mg/dL and very 
good agreement with SRID assay when [IgG] > 800 mg/dL*-* 

b. For estimation of bovine (IgG] 
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( I ) Sem iquantitat i ve values M 

fa) |IgGJ > 600 mg/dL if serum forms firm opaque clot by 60 min. 

(b) [IgG] = 400-600 mg/dL if serum forms Semis olid gel by 60 111 in., 

(c) IlgGJ < 400 mg/dL if serum did not gel by 60 min, 

{2) Comments 

(a) 'lb determine [lgGj at the decision limits for FPT (either > 1000 cur 
> 1600 mg/dL), serum would need to be diluted prior to analysis. 

(b) Results of the glutaraldehyde coagulation test (Gamma-check B) were 
unreliable when whole blood was used. 38 

3. Very inexpensive and simple test because it just requires glmaraldehyde, reaction 
tubes, and pipettes; does require that serum be harvested from blood. 

D, Latex agglutination (Foalcheck) for foal serum 

1 » Principle; latex beads coated with anthequine ]gG will agglutinate in the presence of 
equine IgfL 

2* Results: It is a semiquantitativc assay that generally agrees with SRI D assay results 
but is not as good as the glutaraldchydc coagulation test.- 3 * 

3. Comments; The test is moderately expensive but only takes about 10 min to com* 
plete after serum, is collected. 

E. ZnSG* turbidity test for foal or calf serum 

1, Principle; Sulfates selectively precipitate cationic proteins such as immunoglobulins; 
other proteins are neutral or negatively charged. At a constant (SO j* the quantity of 
precipitate (greater turbidity) corresponds to higher immunoglobulin concentrations. 
Since there is very little IgA or IgM in foal or calf sera, the amount of turbidity 
reflects the [IgG] in sample. 

2* Results can be assessed visually or turbid i metrically. 

a, Turbidi metric assessment requires a spectrophotometer and standard solutions to 
establish a standard curve, 

b„ In foals, visual turbidity occurs when [IgG] is near 400-500 mg/dL which does 

not match with the current decision limits for FPTT 
e In calves; 

(1) With a ZnSQ* solution at 208 mg/L* sufficient turbidity io obscure 
newsprint occurs when [IgGl > 1600 mg/dL, M 

(2) Results with a ZnS0 4 solution (208 mg/L) were compared with RID assay 
results. |S 

(a) Inadequate turbidity was found in samples with [IgG] values that ranged 
from 0 to 2825 mg/dL (mean of 955 mg/dL). Adequate turbidity 
(newsprint not legible) was found in samples with (IgG] values that 
ranged from 1085 to 4305 mg/dL (mean of 2219 mg/dL), 

(b) The marked variations in the results suggest that the assays were too inac- 
curate to allow confident decisions regarding passive transfer. 

(3) With higher concentrations of ZnSO* (250-400 mg/L,], lower [IgG] pro- 
duces the same degree of turbidity as higher I IgG] using 200 mg/dL 
ZnSCV 1 

3, Comments 

a. XnSCL reagents may be made from scratch or purchased in kits. Stock solutions 
need to be sealed to prevent CCL absorption. 

b. For foals, turbidity tests have essentially been, replaced by more accurate and con- 
venient assays. The ZnS0 4 turbidity test tends to underestimate |lgG] when > 
400 mg/dLT* 
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c, For calves, the ZnSO^ turbidity test provides a good estimate of [IgG] but was 
not considered to be as useful as die Na^SOj precipitant tcstJ 4 

d. Presence of Hgb from hemolysis will falsely increase the [IgG] if turbidity is 
assessed by spectrophotometry (# 660 nm); Hgb- induced increments are about 
200 mg/dL at 1% hemolysis and 1300 mg/dL at 5% hemolysis. 

F* Na 2 S0 3 precipitant test for calf serum 

L Principle: Sulfites selectively precipitate cationic proteins such as immunoglobulins; 
other proteins are neutral- or negatively charged. Higher concentrations of sulfites 
have greater ability to precipitate lower [IgG] concentrations. Since there is very little 
IgA or IgM in calf sera, the amount of turbidity reflects the quantity of IgG in the 
sample. 

2. Guidelines for interpretation of results with 14%, 16%, and 18% Na 2 S0 3 solu- 
tions.- ' (Note: Estimated concentrations do not match with some recommended 
decision limits and thus would be difficult to interpret; see earlier section.) 53 

a. If [IgG] > 1500 mg/dL* precipitates are seen in 14%, 16%, and 18% solutions, 

b. If [IgG] ** 500-1500 mg/dL, precipitates are seen in 16% and 18% solutions. 

c. If [IgG] < 500 mg/dL, precipitate is seen in the 18% solution, 

3. In another study results were compared with |lgG| from a RID assay.' 5 (Note: The 
market! variation in these results highlights the potentially poor accuracy or lack of 
precision of such assays.) 

a, [IgG] ranged from 0 to 2400 mg/dL with no precipitate. 

b. [IgG] ranged from 645 to 2450 mg/dL with precipitate in the 18% solution. 

c, [IgG] ranged from 1025 to 4305 mg/dL with precipitate in 16% and 18% solu- 
tions, 

d. [IgG] ranged from 2380 to 3625 mg/dL with precipitate in 14%. 16%, and 18% 
solutions, 

4. Comments 

a. iS'iteSOj precipitant test is a relatively inexpensive and quick test; the major 
advantage over ZnS0 4 is the ability to estimate [IgG] in a broad range. 

b. Compared to the RID assay results, the precipitant test is at best a semiquantita- 
tive assay, 

c. The assay does not work well for foal serum. 
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Table 8.1. Abbreviations and symbols in Chapter 8 


[x] 

1 ,25-DHCC 

AcCoA 

ADH 

AMP 

AMS 

ANP 

ATPase 

Be 

Bu 

Ca 2 * 

CBB 

CRH 

Crt 

Crt u :Crt p 

DDAVP 

ECF 

RE. 

fCa a < 

fMg :t 

GFR 

GOT 

h P f 

Ipf 

LPS 

LVP 

M r 

NADH 

NH, 

NH/ 

Osm ll ]Osm p 

OsmiUSG^ 

PD 

Pi 

PO, 

(ProtiCrt)^ 

PTH 

PU 

RBC 

RPF 

sd 

SEM 

SI 

SSA 

TCA 


symbol in tables io indicate relatively common disease or condition 
concentration of x - analyte 
1 ,2 5-dihydroxychol ecalcife ro I 
acetyl CoA 

antidiuretic hormone (arginine vasopressin) 

adenosine monoph osphate 

amylase 

atrial natriuretic peptide 
adenosi ne t ri phos ph a tase 
conjugated bilirubin 
unconjugated bilirubin 
calcium 

Coomassie brilliant blue 
corticotrophin releasing hormone 
creatinine 

creatinine concentration of urine to creatinine concentration of plasma 
f -deamino- 8 -D-arginine vasopressin 
extracellular Hu id 
fractional excretion 

free ionized calcium (not bound or completed) 

free ionized magnesium (not bound or completed) 

glomerular filtration rate 

y-glu tamyl t ran sfe rase 

high power field (400 X magnification) 

low power field (10X magnification) 

lipase 

lysine vasopressin 

relative molecular weight 

reduced nicotinamide adenine din udeo tide 

ammonia 


ammonium 

osmolality of urine to osmolality of plasma 

osmolality to urine specific gravity by rdraciometry (see text) 

polydipsia 

inorganic phosphorus 
inorganic phosphate (all forms) 

urinary protein concentration to creatinine concentration 

parathyroid hormone 

polyuria 

erythrocyte 

renal plasma flow 

standard dev iation 

standard error of the mean 


Sy steme International d’Unittfs 
sulfosalicylic acid 
trichloroacetic acid 
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xC&'* 

total calcium 

UA 

urinalysis (urine analysis) 

UN 

urea nitrogen 

(UNiCrc), 

urea nitrogen concentration to creatinine concentration in serum 

UN^tUNp 

urea nitrogen concentration of urine/urea nitrogen concentration of pi 

USG^ 

rcfracto metric urine specific gravity 

vit, D 

vitamin D (all forms) 

WBC 

leukocyte 

WRI 

within reference interval 


physiologic: processes 

I. Three major processes control renal excretion of H^O and solutes; glomerular filtration (pas- 
sive), tubular resorption [passive or active), and tubular secretion (active). 

II. Glomerular filtration 

A. A major route for solute and HjO excretion from an animal is through renal glomeruli. 
The glomerular filtration barrier is composed of capillary endothelium, basement mem- 
brane, and glomerular epithelial cells (podocytes) wirh foot processes (Fig. 8.1). The fil- 
tering function of glomeruli is typically assessed by evaluating the renal excretion of sub- 
stances that pass freely through the glomerular filtration barrier. 

1. The ability of a substance to pass through the healthy glomerular filtration barrier 
(from plasma to filtrate) is dependent on two major factors, 

a. Molecular size: If < 2.5 nm radius, nearly 100% passes through; if > 3.4 nm 
radius, almost none passes through. 

b, Electrical charge; Positively charged and electrically neutral substances pass 
through better than negatively charged substances because the glomerular base- 
ment membrane contains negatively charged molecules. 



capillary 

endothelial 

coll 


Bowman's space 


epithelial ceil wilh 
foot processes 
(podocytes) 


glomerular 

basement 

membrane 


Fig, 8,1. Glomerular filtration barrier. 

The glomerular filtration barrier consists of capillary endothelial cell, glomerular basement membrane, and 
epithelial cells (podocytes), H>C) and most solutes pass through fenestrations in the endothelial cells, through 
a semi permeable basement membrane, through the slit pores berween foot processes of the podocytes, into 
Bowmans space, arid then into the proximal renal tubule. 
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2. In many species, albumin (M r = 69,000? 3.5 nm radius) k near the cutoff size of the 
filtration barrier; its negative charge also impedes transit. Albumin is not expected in 
die urine of cats, horses, or cattle; a small amount may be found in the urine of 
healthy dogs. 

R, GFR 

1. GFR k the rate fluid moves from plasma to glomerular filtrate; it is measured by 
determining the rate a substance is cleared from plasma. 

2. GFR is primarily dependent on the rate of RPF* and it varies proportionately with 
RPF. RPF is dependent on blood volume, cardiac output, number of functional 
glomeruli, and constriction or dilation of afferent and efferent glomerular arterioles. 
Other factors that affect GFR include intracapsukr hydros caric pressure in Bowman's 
space (if increased, decreased GFR) and plasma oncotic pressure (if decreased, 
increased GFR). 

3. 'I he idea! solute for measuring GFR would not be protein bound, would pass freely 
through the filtration barrier, and would be neither secreted nor resorbed by renal 
tubules, Inulin, iohexol, and mannitol nearly meet these criteria, Crt is often used 
because very little is secreted in most animals and it meets the other criteria. 

III. Functions of renal tubules are reflected by the rate of urinary excretion of a plasma substance 

compared to the rate of inulin excretion. 

A, If excretion of a solute is greater than excretion of inulin, there Is a net solute secretion 
by tubules. 

B. If excretion, of a solute is less than excretion of inulin, there is a net solute resorption by 
tubules or the substance does not freely pass the filtration barrier. 

IV. Functions of tubules pertaining to major solutes 1 (Fig.. 8.2) 


Fig* 8.2* Major physiologic processes o:l renal tubules that pertain to solutes and, FLO, 

» Osmolality of plasma and ultrafiltrate are equal [near 300 mosmol/kg H : 0) as FLO and nonprotein solutes 
pass through the glomerular filtration barrier. 

* In the proximal tubules* a majority of the FLO and solutes that enter the tubules are resorbed through 
active, facilitated, a fid passive processes. The osmolality of the tubular fluid leaving the proximal tubule is 
still near 300 mosmol/kg FLO bur the fluid volume is greatly diminished. 

* In the descending limb of the loop of Henle, tubular fluid is concentrated and volume is reduced by the 
passive movement of FLO. Urea may diffuse from the interstitial fluid to the tubular fluid. 

* In the ascending limb of the loop of Henle, solutes (mostly Na% Cl , K + ) passively leave the tubular fluid 
(driven by Na t -K*-ATPase pump in the basobtera! membrane} but FLO remains. Thus, the tubular fluid 
becomes, dilute and the fluid leaving the diluting segment has an osmolality near 100 mosmol/kg FLO, 
Passive Ca’ + and Mg'* resorption is dependent on an electrical gradient promoted by the Na + -K + -2CF 
cotransporter and the recycling of K + ; active Car 1 and Mg-* resorption is promoted fay PTH... 

* In the distal and collecting tubules* there are multiple processes involved in electrolyte balance, acid-base 
balance, and conservation of FLO (see text for specifics). Major actions of ADH are to promote resorption 
of HX3‘ and urea. Major actions of aldosterone are conservation of Na* and Cl and the excretion of K f and 
HL The osmolality of the urine typically is > 600 mosmol/kg HfaO and may be > 2,000 mosmol/kg HyQ, 

* In most healthy domestic mammals, the net function of a nephron is to excrete urea, creatinine, K% H', 
NH/, and PCX, and conserve Na** Cl , HCOy* Ca : L Mg-', glucose, amino acids, and FLO, The equine 
nephron excretes Ca 2+ instead of conserving it. 

The table in the top of the figure shows a comparison of the approximate solute concentrations (in terms of 

osmolality and US(J re d in different segments of a functional nephron. Note that the USG^ values for plasma 

(1.028-1,034) were determined using a rcfractomcters urine specific gravity scale. The true specific gravity of 

the plasma would he nearer 1.01 8- 1 *02 2“ and such a range has little to no clinical relevance. 
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Glomerulus 


protein — 
nonproteins 


Sample 

Plasma 
Ultrafiltrate 
Proximal iobute 
End descending limb 
End ascending limb 
Distal nephron 


Osmolality 
(mGsmol/'kg H 2 0) 

200-310 
280-310 
200-310 
» 1200 
near 100 
50 to > 1200 


use* 

1 028- 1.034 
1,007-1,013 
1.007*1.013 
> 1.040 

1.001- 1.003 

1 . 001 - > 1 040 


■ Na + 

■ cr 

Ca 1 * 


h 2 o 

Mg 2 * 

K + 

HCCy 


urea 
glucOSe 
amino acids 


creatinine 


Loop OV 
Henle 


" '3 
/«• 
f 


NHj 4 


- 75% 
,< 50% 

- 90% 


Distal / 3Na *„ 

tubule/ 


Ca^- 

h 2 o - 


i +JRTH 


H a O 

M 0 2+ 


h+tPTH_ 


Collecting] 

tubule 

2 K + H + — 

, , 7 

(*-) aldosterone ■ 


2 K ^ - 


(+1APH 

L 

H+— - 

r 


1 *>aidwieiflna[ 
(+) addemi# ' 

(+) ttypokaSemw / 


3 Na + 

C!“ J 


H ^.0 


Na+ fh 


HCOq 


h 2 o 

900 


urea 


> 1200 


H 7 Q 


L*iADH 

Cl" {*|A0H 


urea 




> 1200 


HjO 


urea 


urea 

creatinine 
K+ H+ 
NH 4 + 

po 4 

H ? 0 


H,0 


>1200 


Ntott; Numbers (e.g, 300, 600) within lubutes 
or peritubular space in osmolality values. 
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A. NV 

L About 75% of filtrate Na* is rcsorbcd in the proximal tubules down, a concentration 
gradient established by the Na*-K + -ATPase pump (basolateraJ membrane) and a NV- 
H' antiporcer. NV resorption is enhanced by an electrical gradient established by 
conservation of HCOy; NV is cotransported with glucose, amino acids, and phos- 
phates. Angiotensin II stimulates the proximal tubular resorption of Na + , Cl", and 

HA 

2. Na t is passively transported into the descending limb of the loop of Henfc to main- 
tain NV in the countercurrent system. 

3. NV accompanies K* and. CT that is resorbed in die thick ascending limb of the loop 
of Hcnlc via a Na + -K>2CI' cotransporter in the luminal membrane; the rate-limiting 
factor is CL delivery to the loop. Furosemide diuretics block this process. 

4. ADH stimulates NV and Ci~ resorption in the medullary thick li mb of the loop of 
Henle through the Na*-K*-2CI‘ co transporter (a minor role for ADH). 

>. Aldosterone stimulates the active resorption of NV in collecting tubules by opening 
NV channels, enhancing NV-Kc-ATPase activity in the basolateral membrane, and 
opening luminal K 4 channels. Its actions are probably mediated through aldosterone- 
induced proteins (Na*-K*-ATPase may be one of the proteins) (see Fig. 9.3). 

6. NV and Cl" resorption in the distal nephron (distal tubule and collecting duct) also 
involves an aldosterone- independent Na'--Cl“ cotransporter; this process varies directly 
with NV delivery to the distal nephron. Thiazide diuretics block this cotransporter. 

7. Na’ resorption in the distal nephron is reduced during volume expansion through 
the action of A NR which reduces the number of open NV channels by a guanylate 
cyclase pathway. 

B. CL 

1. About 75% of filtered Cl' is resorbed in the proximal tubules down a concentration 
gradient created by Na* and HAD resorption and through a formate-CI - exchanger. 

2. Cl" is resorbed via a NV-K*-2CI" cotran, spotter in the thick ascending limb of the 
loop of Henle. 

3. O' is passively resorbed in the distal nephron by an electrochemical gradient estab- 
lished by NV movement (through aldosterone and aldosterone-independent processes). 

c hco 3 

1. About 90% of filtered HCO f is conserved i indirectly in the proximal tubules during 
the process of H + secretion. H + secretion is mediated by the Na + -FV antiporter and is 
dependent on NV resorption. As Na 1- is resorbed, the secreted H* combines with 
HC0 3 in the filtrate to form Hi CO which then forms C0 2 and H 2 0. The C0 2 
and H z O enter the proximal tubular cells in which they are converted to H 4 (which 
is again available for secretion) and HCQ 3 '. The HCO 3 “ is transported to the per- 
itubular fluid via a NV-3HCOy cotransporter {see Fig. 9.6)* 

2. In the collecting ducts, HCO," produced by the Type A intercalated cells enters the 
peritubular fluid through a Cl'-HCOy exchanger (see Fig. 9.4). A reverse process in 
Type B intercalated cells leads to HCO," secretion when there is excess HC0 3 ", 

D. K7 

1, K + secretion occurs primarily in the principal cells of the collecting tubules and is 
promoted by aldosterone (see Fig. 9.3). K* movement front cell to tubular lumen 
occurs through K* channels opened by aldosterone. The movement is enhanced 
when there is a high urinary flow 1 rate through the tubule as the K* is washed away 
and thus a concentration gradient is maintained; the movement is reduced when 
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there k a low urinary How rate through the tubule because K' stays longer in the 
tubular fluid and thus the concentration gradient is diminished. 

2, ADH promotes K + secretion in the conical collecting tubule, perhaps by opening K 4 
channels in the luminal membrane. This process compensates for the reduced K* 
secretion that occurs with decreased urinary flew. 

3. Intercalated cells conserve K* when there is K* depletion (sec Fig. 9.4), 

E. H + 

1, H + is secreted from Type A intercalated cells of the distal nephron through a FT- 
ATPa.se pump that can work against a large concentration gradient* Aldosterone and 
acidemia promote this process. H* is also secreted and K* is resorbed through IT-fO- 
ATPase pumps that appear to be most active when there is K* depletion* 

2. A Limited amount of HP is secreted by the proximal tubular cells, after which it may 
be buffered by HCO/, NH V or P0 4 . 

E Ca 2t 

1 * About 80%-85% of filtrate CV* is resorbed in proximal tubules and loops of Henle 
through a passive process that is dependent on Na + and H z O resorption* Passive Ca 3+ 
resorption occurs in the ascending limb of the loop of Henle down an electrochemi- 
cal gradient established by a Na 4 -K + -2CI' cotransporter and a recycling of K\ 

2, PTH promotes QE* resorption through the activation of an adenylate cyclase path- 
way in the cortical thick ascending limb of the loop of Henle, the distal tubule, and 
the connecting segment between the distal tubule and the collecting ducts, 

3. Vk. D promotes Ca 2 * resorption in the distal nephron by inducing production of a 
calcium 'binding protein. Formation ofcalcitriol (1-25 dihydroxycholecaldferol) is 
stimulated by increased PTH activity and hypophosphatemia. 

G. PO, 

1. About 85%-90% of filtrate P0 4 is resorbed in the proximal tubule via the actions of 
a Na + -PO* cotransporter, 

2, The cotransporters activity is enhanced by hypophosphatemia and insulin; it is 
diminished by hyperphosphatemia and increased PTH activity. 

H. Mg 2 * 

1. At physiologic concentrations, nearly all of filtrate Mg-’ J is resorbed (most in cortical 
thick ascending limbs of loops of Henle; also- in the proximal tubules). Passive Mg 2# 
resorption is mostly down an. electrochemical gradient established by the Na*-K + - 
20' cotransporter and a recycling of K + , There also may be specific transporters or 
channels whose activities are dependent on blood ’Mg 3 *]. 

2, ADH* PTH* glucagon, calcitonin, and ^-adrenergic agonists stimulate Mg 3t resorp- 
tion in the cortical thick ascending limb. 

I. Glucose 

1. Typically, glucose passes freely through the glomerular filtration barrier, and all fil- 
trate glucose is passively resorbed in the proximal tubules as Na* is resorbed by a 
Na 4 -glucose cotransport system. 

2, The transport process involves carrier proteins that cm be saturated by excessive glu- 
cose from plasma, thus producing hyperglycemic glucosuria. 

jh Proteins and amino acids 

1 . Nearly all filtrate proteins and amino acids are resorbed in the proximal tubules. 

2. Amino acids are resorbed through carriers specific for seven amino acid groups. Small 
peptides art hydrolyzed at the brush border and the amino acids are resorbed. 

3= Larger proteins (including albumin) enter the tubular cells through endocytosis and 
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then are degraded to amino acids , In healthy dogs, some of the albumin is not 
resorbed and thus is present In urine in low concentrations. 

1C Urea 

1. About 6Q%-65% of filtrate urea is resorbed in the proximal tubules down a concen- 
tration gradient created by (he move mem of HUO into the cells flowers cellular urea 
and raises tubular urea concentrations). This process is enhanced in hypovolemic 
states when there is greater proximal tubular resorption ol Na + and H 2 0, decreased 
urine flow rate, and thus more time for passive urea absorption. 

2. Urea is recycled in the remaining nephron with urea Rom the imrmitium entering 
the tubular Huid in the loop of Henle and being resorbed in the medullary aspects of 
the collecting ducts where it enters the medullary intersticium, 

3. Urea resorption in the distal nephron is enhanced (nearly fourfold) by ADH activity 
and a concentration gradient established by H : 0 resorption secondary to Na* and 
CT resorption. ADH increases tubular permeability to urea, 

4. Urea contributes nearly 50% of interstitial solute for the establishment of a hyperton- 
ic medulla that is necessary for renal concentrating ability. 

L. Crt 

1* In some dogs, small amounts of Crt are secreted by proximal tubules, 2,3 Crt secretion 
does not appear to occur in horses or cats. 4 ^ 

2, In people, Crt secretion may occur through a pathway shared with organic cations. 
Serum [CrcJ increases when or her organic cations (such as cimeridine, trimethoprim, 
and quinidinc) interfere with Crt secretion, 

V. Resorption of H 2 0 by tubules 

A, About 30% ofRPF becomes ultrafiltrate. About 75% of the ultrafiltrate H 2 0 is passively 
resorbed in the proximal tubules. 

R. H 2 0 is passively resorbed in the descending limbs of loops of Henle as the loop enters 
the hypertonic medulla. 

C, The ascending limbs of the loops ol Henle and connecting segments are impermeable to 

h 2 o. 

D. The collecting tubules are permeable to H s O in the presence of ADH. ADH stimulates 
the synthesis of aquaporin-2 molecules that serve as H-.Q channels from the tubular fluid 
through the apical membranes of the epithelial cells, 

VI . Renal co ncentrating abili ty and renal diluting abil i ty 

A. Definitions 

1. Concentrating ability: ability of kidneys to resorb filtrate H>0 in excess ot filtrate 
solutes; ability to concentrate solutes 

2. Diluting ability: ability of kidneys to resorb filtrate solute in excess of filtrate H>0; 
ability to dilute solutes 

B, Terms used to describe concentration of urine 

1. Many authors describe the solute concentration of urine with the terms 
hyposthenuria^ isosthenuria, and hvpenthmurid {-5 then- = strength). However, there is 
little agreement on the definitions for these terms, Isosthenuria should mean same 
iiw’) strength i-sthen-) urine {-uria). 

2. Our definitions (see Physical Examination of Urine, III below lor correlation of 
USCCf and urine osmolality) 

a. Isosthenuria (working definition) is the state in which urine osmolality is the 
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5 ami as plasma osmolality, whether plasma osmolality is low, normal* or high. We 
define "the same" as being within 100 mosmol/kg of plasma osmolality; Le,, 
osmolality,, = osmolality p ± 100 mosmol/kg. In most domestic mammals, such 
urine will have a USG^ from LOOT to 1 ,013* inclusively. 

b. Hyposthenuria is the state in which excreted urine has an osmolality that is less 
than the isoschemmc values; i.e,, osmolality u < (osmolality,. * 100 mosmol/kg). In 
most hyposthemiric animals* the USG^will be less than 1,007, Such urine is 
dilute (the filtrate has been diluted by renal processes). 

c. 'I’o be consistent with terms, custhenuria is the excretion of urine with osmolality 
expected for an animal that has adequate renal function and normal hydration 
status* and hypersthenuria is the excretion of highly concentrated urine. However, 
the terms emthmuria and h ypmthmurm are rarely used, 

C. Physiologic processes for concentrating or diluting glomerular filtrate 

1, Functions of renal intemiiium 

a. Provides a “bridge * 1 between tubules and blood vessels to facilitate the movement 
of H : 0 and solutes 

k Helps maintain medullary hyper tonicity to allow concent ration 

2 , Functions of tubules 

a. Proximal tubule 

(1) Approximately 30% of the plasma that enters glomeruli becomes glomerular 
filtrate (USG,^ « l . 010 ; osmolality * 300 mosmol/kg H 2 0 ). 

(2) About 60%-65% of the H 2 0 in the ultrafiltrate is passively resorbed by the 
proximal tubules (independent of body needs); the remainder passes into the 
loop of Henle. The solute concentration docs not change much in the proxi- 
mal tubule* but fluid volume decreases markedly. 

b. Descending limb of loop of Henle 

(1) Osmolality of tubular fluid increases because of the passive resorption of H : 0 
and the secretion of Na*, C!“ s and urea into the filtrate. 

( 2 ) Fluid entering the loop of Henle has USG^ ~ 1 , 010 ; osmolality - 300 
mosmol/kg H*0, Tubular fluid at the distal end of the descending limb has a 
high concentration (USG ret -> 1 , 030 ; osmolality > 1500 mosmol/kg H : G). 

c. Ascending limb of loop of Henle (diluting segment of the nephron) 

(!) The ascending limb is relatively impermeable to H 2 0 but actively pumps Cl" 
and Na* (also K% fCa I+ , and fklg’*) from the tubular fluid to the interstitial 
fluid,, Thus, tubular fluid loses solute and the interstitial fluid becomes more 
hypertonic. Fluid leaving the ascending limb for the distal tubule is dilute 
(USGv,. < 1.007: osmolality < 200 mosmol/kg H 2 0}, 

(2) A functional ascending limb is necessary to maintain a hypertonic interstitial 
fluid in the medullary region so that passive resorption of H,0 may occur in 
the descending limb of the loop ot Henle and in collecting tubules. 

(3) The ascending limb and the closely associated vasa recta are the major struc- 
tures of the countercurrent system that maintain a hyperosmolar medullary 
interstitial fluid, 

d. Collecting tubules 

( 1 ) The distal nephron is the concentrating segment of the nephron, 

(2) ADH controls permeability of the epithelium to H 2 0. H 2 C) is resorbed in 
the presence of ADH if there is an osmolar gradient between the tubular fluid 
and medullary interstitial fluid. An osmolar gradient is created by high con- 
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cen (rations of urea, Na% and Cl in the interstitial fluid that are produced 
and maintained by segmental functions of the nephron, 

(3) The H,0 channels through the epithelial cells are created by membrane- 
associated proteins called aquaporins. When ADH binds to the renal epithe- 
lial cell membranes, it activates a secondary messenger system by which aq na- 
pe rins are activated and thus membranes become permeable to H ; 0. ADH 
also appears to increase production of aquaporins/' 

3. For kidneys to concentrate the ultrafiltrate, the following are necessary; 

a. ADH must be present. Stimuli for ADH secretion include hyperos molality, 
decreased cardiovascular pressures as seen with hypovolemia, and to a lesser 
degree, increased angiotensin concentrations. 

b. Epithelial cells of the distal nephron must be responsive to ADH, 

c. There must be a concentration gradient; Le., osmolality of interstitial fluid of the 
renal medulla must he greater than the osmolality of fluid in the tubules, 

4 For kidneys to dilute the ultrafiltrate, the following are necessary: 

a, Active transport of Na* and Cl" must occur from tubular fluid to interstitial fluid 
by epithelial cells of the ascending limb of the loop of Henle. This process 
requires delivery of Na + and Cl' to the loop of Made, 

b. Very little to no H*0 is removed from the tubular fluid by the distal nephron. 

CHRONIC RENAL INSUFFICIENCY/FAILURE 

1. What is chronic renal insufficiency or failure? 

A. Many chronic diseases may damage kidneys sufficiently so that there- is inadequate func- 
tional renal tissue to maintain health. Then the animal enters the pathophysiologic state 
of ch ra n ic renal i nsuffrciency/ failure. 

EL There arc no universally accepted definitions or criteria for staging impaired renal 
function. One system seems to correlate with clinical findings seen in many domestic 
mammals. i8 

L Diminished renal reserve; GFR is about 50% of normal and the animal is clinically 
healthy; azotemia is not present, but the kidneys are less able to tolerate additional 
insult (e*g,„ disease, dehydration, poor perfusion), 

2. Chronic renal insufficiency: GFR is approximately 20%— 50% of normal; azotemia 
and anemia appear; polyuria occurs because of decreased concentrating ability 

3. Chronic renal failure: GFR is < 2D%~25% of normal; azotemia and impaired con- 
centrating ability are present; kidneys cannot regulate ECF volume or electrolyte bal- 
ance and thus edema, hypocalcemia (generally not in horses K and metabolic acidosis 
will develop; overt uremia with its neurologic, gastrointestinal and cardiovascular 
complications may develop. 

4. End-stage renal disease; GFR is c 5% of normal; the terminal stages of uremia are 
present. 

C, As a general concept, many authors write that more than two-thirds of functional renal 
mass must be lost before kidneys lose the ability to concentrate unne and more than three- 
fourths must be lost before an animal becomes azotcmic. Such fractions help develop 
major concepts but do not represent firmly established facts for all species. In one study in 
which renal function was reduced by nephrectomy and selective arterial ligation, cats 
became azutemic with only a 50% reduction in functional mass and roost maintained 
renal concentrating ability (USC^ > 1,040) with an estimated 83% loss in renal function 
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II, Why do animals lose renal concentrating ability in chronic renal failure? 

A, More solute than usual is presented to the remaining functional nephrons, and the high 
solute content within the tubules contributes to solute diuresis. 

B. Medullary hypertonicity is not maintained because of three processes: 

1. Damage to medullary tissues or abnormal medullary blood flow 

2. Decreased Na* and Cl' transport from the ascending limb of the loop of Henle 

3. Damaged cells in the distal nephron are less responsive to ADH. 

JEL Polyuria in mammals with chronic renal insufficiency /failure 

A, The degree of polyuria in renal failure will not be as severe as with other diuretic states, 
such as diabetes insipidus, because the diminished GFR results In a decreased volume of 
filtered plasma H : 0. The volume of urine produced in healthy people is about 1-2 

I ./day, about 3-4 L/day with polyimc renal failure, and about 6-8 L/day with other 
polyuric states. 

B, Mammals with chronic renal disease typically lose concentrating ability (and thus have 
polyuria) before azotemia develops. Cats can concentrate glomerular filtrate to a greater 
degree than other domestic species, and they may retain minimal concern rating ability 
when they are azoremit. 

C, Progression of renal disease and loss of additional nephrons will eventually cause either 
oliguric or an uric renal failure. 

IV Fig, 8*3 illustrates the development of azotemia and abnormal urine volume caused by a 
progressive loss of nephrons, 

V h Evidence of chronic renal insufficiency/ failure 
A* Evidence of i nsufficiency/ fa ilu re 

1. There is azotemia (increased [UN] and/or [Crt] in serum or plasma) due to inade- 
quate renal ability to remove metabolic wastes from plasma. 

2. There is an inappropriately dilute USG wf (often 1 ,007-1 .013) due to a marked 
reduction in renal concentrating ability. 

R. Evidence of chronicity 

1. Clinical findings, including duration of signs 

2. Laboratory findings, including anemia and hypocalcemia (sometimes hypercalcemia* 
especially in horses) 

ACUTE RENAL FAILURE 

I, Acute renal failure is reversible or irreversible renal dysfunction resulting abruptly (within 
hours to days) from a renal disease or insult that markedly decreases GFR and leads to 
azotemia. Usual causes are toxicants, renal ischemia* or infections, 

II. Urine volume and USG ref 

A. Because of the abrupt and severe decrease in GFR, with no time for compensatory 
hypertrophy of healthy nephrons, the kidneys may filter little blood and produce little or 
no urine (oliguria or anuria), 

B. USG td -can vary considerably. 

I . Urine may be unexpectedly concentrated if it was formed prior to the severe 
insult. 
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Stage 1 

decreased renal reserve 

liieorelit'Cal maximum urtne volume for animal 


Stages 2 & 3 

renal Insufficiency/ 
renal failure 
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end-stage 
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mild polyuria 
without azotemia 
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Fig* 8,3. Graphical representation of the effects of chronic renal disease and progressive dysfunction on an 
animals urine volume and serum [UN] or fCrrJ. 

Shaded gray areas represent the reference intervals for urine volume (top bat) and, for [UN] or [CnJ (bot- 
tom bar). The patients urine volume and [UN] or [Crc] concentrations are represented by labeled dashed 
lines, A theoretical maximal urine volume line is shown to illustrate that animals with polvuric renal failure 
do not produce maximal urine volume. 

* In Stage 1 {diminished renal reserve) „ progressive renal disease is destroying nephrons and thus GFR 
decreases, However there is still sufficient function to adequately clear urea and Crt and thus the animal is 
not azotemic. Also, there is sufficient ability to concentrate urine and thus polyuria is absent or not detect- 
ed. As die renal dysfunction approaches Stage 2, a mild polyuria may develop because of i mpaired concen- 
trating ability. 

* In Stage 2 {renal insufficiency), there is sufficient loss of nephrons so that there is decreased renal concen- 
trating ability (Isosthenuria and polyuria develop) and there is insufficient excretion of urea and Crt by kid- 
neys (azotemia is present). 

■ fn Stage 3 {renal failure), there is continued isosthenuria, polyuria, and azotemia hut also inadequate con- 
trol of J:f,0 balance or electrolyte concentrations. The animd has clinical signs of uremia and abnormal 
serum concentrations of NaT K\ CL, Cat**, PO qt H% or HCOy. 

* In Stage 4 {end-stage renal disease, oliguric or an uric renal failure), only a few nephron* are filtering plasma 
and thus a marked azotemia develops. Animal also becomes oliguric or anuric because very little plasma 
HUO enters the kidney. The remaining tubules are not able to concentrate the filtrate and thus IlSG sef will 
reflect isosthenuria. 


2. Urine may be rsosthenurre because of the same median Isms that impair concentrat- 
ing ability in chronic renal disease* 

3, Urine is not expected to be hyposthenuric because such a. state would indicate loss of 
concentrating ability but retained diluting ability', 

HI, Acid-basc status and electrolyte concentrations can become acutely abnormal. 
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Table 8.2. Diseases and conditions that ca use azotemia 

Decreased urinary excretion of urea or creatinine 4 
PrermaJ diseases or conditions 

"Hypovolemia: decreased blood volume, dehydration 
Decreased cardiac output: cardiac insufficiency 
"Shock 

Renal diseases or conditions 

"Inflammatory: glomerulonephriris, pyelonephritis, tubular- inters! iiial nephritis 
’'Amyloidosis 

"Toxic nephroses: hypercalcemia, ethylene glycol, myoglobin, gentamicin, 
phenylbutazone 

"Renal ischemia or hypoxia: poor renal perfusion, infarction 
Congenital hypoplasia or aplasia 
Hydronephrosis 
Neoplasia (metastatic) 

IWrenal diseases or conditions 

"Urinary tract obstruction: urolithiasis, urethral plugs in cats, neoplasia, prostatic disease 
"Leakage of urine from urinary tract: trauma, neoplasia 
Increased urea or creatinine production: intestinal hemorrhage, increased dietary urea or 
■creatinine, Increased protein catabolism 

a Decreased urinary excretion involves a decreased glomerular filtration of urea or creatinine except 
when there is leakage of urine from urinary tract into the body 

AZOTEMIA AND UREMIA 
I. Definitions 

A. Azotemia: increased nonproietn nitrogenous compounds in blood; routinely detected as 
increased serum [UN] and/or serum [Crt] 

B* Uremia: classically considered to mean ‘"urinary constituents in blood"; now typically 
refers to the clinical signs reflecting renal failure (e.g,, vomiting, diarrhea, coma, convul- 
sions, and ammoniacal odor of breath) 

IL Azotemia classifications and disorders 

A, Decreased urinary excretion of urea or Crt 

1 . Prerenal .azotemia: The initialing cause of abnormal urea or Crt excretion involves 
processes prior to the kidneys. 

a. Disorders (Table 8.2) 

b. Pathogeneses 

(1) Any process that diminishes RPF will directly cause a decreased GFR and 
thus decreased clearance of urea arid. Crt, The volume (stretch) receptors in 
the juxtaglomerular apparatus of the afferent arteriole “sense” reduced blood 
flow, which then triggers the angiotensin- renin system. Angiotensin II causes 
constriction of aflferenr and efferent glomerular arterioles, which further 
reduces glomerular perfusion and thus GFR. 

(2) Hypovolemia causes enhanced resorption of Na + and H .0 in proximal 
tubules, which in turn promotes passive proximal tubular resorption of urea 
(bur not Crt) because the lower flow rate provides more time for resorption. 
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(3) Hypovolemia also triggers release of ADH* which enhances resorption of urea 
(but not Crt) by medullary collecting tubules Uquaporvn-2 allows urea trans- 
port as well as HX) transport). 

c. If decreased RPF is severe and persistent, it may lead to renal hypoxia, acute renal 
damage, and thus acute renal failure. In such animats, the azotemia may be renal 
and prerenal. 

2, Renal azotemia? The initialing cause is any renal disease with enough glomerular 

damage to cause a major decrease in GFR. 

a. Diseases or disorders (Table 8.2) 

b, Pathogeneses 

(1) Rend disease {acute or chronic) resulting in the loss of at least 65 %— 75% of 
nephron functional capacity causes reduced GFR, Reduced GFR results in 
inadequate renal excretion of urea and Crt from plasma (without sufficient 
compensation by intestinal processes) and thus serum [UN] and [Crt; 
increase. 

(2) Processes that contribute to a prerenal azotemia may also be present. 

3. PostrenaJ azotemia: The initiating cause of abnormal urea or Crt metabolism is distal 

to the nephron, 

a. Diseases or disorders (Table 8,2) 

b. Pathogencs i s o f obstruct ive azo tem i a 

(1) Urinary tract obstruction causes the release of vasoactive substances 
(prostaglandins, angiotensin) that constrict the glomerular arterioles, thus 
reducing RPF and diminishing GFR; reduced GFR causes impaired clearance 
of urea and Crr. ut 

(2) Impaired outflow causes a transient increase in intracapsular hydrostatic pres- 
sure that decreases GFR,. The pressure diminishes with time as tubular fluid 
diffuses into tubular cells and less ultrafiltrate is formed, 

c. Pathogenesis of azotemia due to leakage of urine within the body 

(1) If there is leakage into the peritoneal cavity, urea and Crt enter plasma after 
passive absorption through peritoneal epithelium. Perironeal (UN) equili- 
brates faster with plasma |UN] than peritoneal [Crt] does with plasma 
[Crt], 

(2) If there is leakage into tissue surrounding the urinary tract, urea and Crt dif- 
fuse from the extravascular to intravascular fluid and cause azotemia, 

(3) In either case,, if intestinal excretion of urea and Crt does not compensate for 
the diminished urinary excretion, then azotemia will occur. Glomerular filtra- 
tion is not reduced initially, but a calculated GFR will be reduced it not all 
the urine produced during the test period is collected. 

d. Processes that contribute to prerenal or renal azotemia may also be present, 

B. Azotemia due to increased urea production 

L Disorders or conditions (Table 8,2) 

2. Pathogenesis 

a. Increased proteolysis results in the generation of more NH/, which in turn caus- 
es increased synthesis of urea, 

b. If the rate of urea synthesis exceeds the rate of urea excretion, then serum [UN], 
will increase. 

3, There is usually an adequate functional renal reserve so increased urea production 

usually causes either mild or no azotemia in these disorders or conditions. 
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Table 8*3* Major criteria used to differentiate the three types of azotemia caused by decreased 
€FE 

Type of 

Expected 

Urine 


azotemia 

USG, rf 

volume 

History, physical exam, or other information 

Prerenal 

> 1.030- 

i- 

Dehydration, acute hemorrhage, shock, or decreased 




cardiac output 

Renal 

l .007-1 .013^ 

? usually* 

Other UA findings, electrolyte changes, or anemia that 



mav be 4 

# 

are suggestive of renal disease (acute or chronic) 

Postrenal 

v 

l L 

Dysurta, enlarged or ruptured urinary bladder, urine in 




abdomen 


AW; Criteria arc most applicable to dogs and generally to other mammal si USG^ guide! i ties for cats that 
have concentrating ability arc > 1.035 instead of > 1 .030; for horses and cattle > 1 .025* P nr renal, renal, and 
postrenal disorders may occur independently or may occur in combinations. 

a Assuming there are not extrarenal disorders that arc affecting renal concentrating ability and urine volume. 

* Assuming there are not substances (such as protein and glucose) that interfere with USC K| - assessment of 
urine solute concentration and that plasma osmolality iic nor markedly increased- 

* USG^ depends on the animals hydration status and presence or absence of concurrent renal disease. 
During postobstructive diuresis, the USG reh values will he low and urine volume will he inc teased - 


HL Guidelines for azotemia differentiation (Table 8.3) 

A. The cause of azotemia maybe multi factorial Both prerenal disorders (e.g., hypovolemia) 
and postrenal disorders (e.g., obstruction) can cause acute renal disease and thus acute 
renal failure. Animals with renal failure may also be hypovolemic. Accordingly, at the 
time of presentation, an animals azotemia may be the product of both renal and 

extra renal factors. 

B. The major criterion for differentiating azotemias is the USG,^ value. However, the diag- 
nostician must consider the renal and extra renal factors that may influence an animals 
ability to concentrate and dilute urine. 

1, If azotemia is exclusively prerenal and related to decreased GFR., US< is expected 
to be > 1,030 (dogs), > 1.035 (cats), or > 1.025 (cattle, horses) because the kidneys 
are being stimulated to conserve H : 0. 

2. If USG Kf is below these values in azoiemic animals and there is no evidence of 
increased urea production (e.g.. gastrointestinal hemorrhage), there is impaired renal 
concentrating ability, but it may be due either to renal disease (renal azotemia) or to 
extrarenal disease (prerenal azotemia with impaired concentrating ability unrelated to 
primary renal disease). 

a. Renal disease 

(1) USG^is often 1.007 to 1.013 because of impaired tubulointerstitial function 

associated with, nephron damage. 

(2) USG^ may he greater than 1 .013 but still inappropriately low jf: 

(a) The renal disease impairs glomerular function more than tubulointersti- 
tial function (especially cats or acute renal failure). 

(b) High urine concentrations of protein or glucose affect USG f , r - such that 
USGrf overestimates urine osmolality (see Physical Examination of Urine, 
III below). 

(c) Plasma osmolality is increased, so urine osmolality is greater than expect- 
ed despite failure to dilute or concentrate the flit rate. 
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blood. It is a clinical custom to express urea concentration in terms of nitrogen con- 
tent in the urea. i.e.» urea nitrogen. 

a. Urea has a M r of 60, so it weighs 60 g/mole. It is composed of ! carbon, l oxy- 
gen, 2 nitrogen, and 4 hydrogen atoms. Therefore, 3 mole of urea contains 28 
grams of nitrogen. Accordingly, I millimole of urea/dL = 60 mg of urea/d I . = 28 
mg of UN/dL 

b, The urea concentration, reported as the concentration of urea nitrogen, is com- 
monly referred to as the BUN (blood urea nitrogen) concentration, although usu- 
ally serum, not whole blood, is assayed. Because urea is a freely d iff usable mole- 
cule for most cell membranes, the extracellular [UN] and intracellular [UN] in 
blood will usually be the same. Therefore, the [UN] in serum = [UNJ in blood = 
[UNJ in plasma. 

2, Unit conversion 

a, mg/dL of UN X §.3570 ■ mmol/ L of urea (SI unit, nearest 0.5 mmol/L) 11 

b. mg/dL of urea X 0.1665 - mmol/L urea 

B. Sample 

1 . Serum or plasma may be used in most spectraphotomet rie assays, 

2. Urea is stable for 1 day at room temperature, several days at 4°-6 D C, and at least 2-3 
months frozen.* 3 

C. Principles of urea assays 

1. Vitros dry reagent slide on Vitros instrument 

a. In a reaction catalyzed by urease, urea is hydrolyzed to form NHj and CQ 2 . The 
NH| reacts with an indicator to generate a colored dye, which is detected by 
reflectance specs rophotomet ry 

b. Positive interference 

(1) NH/i Free NH 4 + in the sample will react with the dye. Because (N H 4 + ] in 
most plasma and scrum samples is < 1% of urea concentration, the degree of 
interference should be clinically insignificant as long as the sample is not con- 
taminated with NH,T fog,, quaternary ammonium compounds), 

(2) Hemolysis: Hemoglobin at 50 mg/dL will cause an increased [UNJ of about 
J mg/dL. 

2* Bosh ringer Mannheim wei reagents on Hitachi instrument: In a reaction catalyzed 
by urease, urea is hydrolyzed to form NH 4 * and CO,, The NHy reacts in a coupled 
reaction that results in the consumption of NADH and thus a decreased absorbance 
that is measured by kinetic spectrophotometry. 

III. Increased [UN| in serum or plasma (azotemia) (Table 8.2) 

IV. Decreased [UN] in serum or plasma (Table 8,4) 


Table 8,4, Diseases and conditions that cause decreased serum or plasma [LIN] 

Disorders that cause decreased urea synthesis 

w Hepatic insufficiency: hepatocellular disease, portosystemic shunts 
Urea cycle enzyme deficiencies (very rare) 

Disorders that cause increased renal excretion of urea 

* Disorders that cause impaired proximal tubular resorption of urea: glucosuria 
Central or renal diabetes insipidus 
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A* Disorders that cause decreased urea synthesis 

1 . H epatk i nsuffidcn cy 

a. Extensive hepatocellular disease that results in marked reduction in Functional 
hepatic mass (> 80 % loss) and thus sufficient decrease in urea synthesis to cause a 
decreased fUN] and a corresponding increase in [NR ( + ! 

b. Portosystemic shunt (congenital or acquired) 

(1) Less NH 4 * delivered to hepacocytes from the intestines. 

(2) There is less uptake of NHC by hepatocytes because of decreased functional 
hepatic mass due to atrophy necrosis, or fibmsis- 

2, Urea cycle enzyme deficiencies (congenital, extremely tare) 

B. Disorders that cause increased renal excretion of urea 

1 r When less FLO is resorbed In the proximal tubules (e.g., due to glucosuria or expand- 
ed extracellular volume), less of the filtered urea is resorbed in the proximal tubules 
because the resorption of H,0 creates the concentration gradient for urea resorption, 
2, In central and nephrogenic diabetes insipidus, reduced ADH activity or response in 
the medullary collecting tubules results in decreased resorption of both urea and HjO. 

C. Consequence: The amount of urea in the renal interstitial fluid may diminish. Because 
about 50% of the medullar)' hyperton id ty is normally due to urea, the urea deficit may 
contribute to a reduced concentration gradient, impaired renal concentrating ability, and 
thus polyuria. 

CREATININE (Cn) CONCENTRATION IN SERUM OR PLASMA 
I. Physiologic processes or concepts concerning Crt (Fig. 8.5) 



Fig, 8,5 + Physiologic processes or concepts concerning Crt. 

Crt is the product of creatine (nor creatinine) degradation. Creatine phosphate serves as a high-energy mol- 
ecule for muscle contractions (creatine t ATP <=> creatine- PQ, + ADP). Crt enters plasma after the degrada- 
tion of creatine or creatinc-PO* in muscle fibers (animal's muscle or dietary meat), Crt is excreted from the 
body via kidneys and intestine. 

* Cti passes freely across the glomerular filtration barrier; it is not resorbed by tubules, Small quantities may 
he secreted by proximal tubules when there is increased plasma [Crt]. 

* Crt Is also excreted or degraded in feces in people M,e * and in saliva of cattle.** Alimentary tract excretion is 
suspected to occur in dogs, cats,, and horses, since Crt is diffusable across most cell membranes. 
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II. Analytical concepts 

A, Terms and units 

1. Crt has a M r of 1 1 3, about twice that of urea, 

2. Unit conversion: nig/dL X 88.4 ■ pmol/L (SI unit, nearest 10 pmol/L)" 
ft. Sample 

1, Serum or plasma may he used in most spectrophoto metric assays, 

2, Crt is stable at 4 fl C for 1 clay and is more stable when frozen, 1 * 

C. Principles of Crt assays 

L Vitros dry reagent slide on Virros instrument: Crt m hydrolyzed to creatine, which 
then enters a series of reactions that results in H,O s reacting with an indicator to 
generate a colored dye that is detected by reflectance spectrophotometry 
2> Boehringcr-Mannhcim wet reagents on Hitachi instrument: Crt reacts with picric 
acid to form a colored complex: the rate of formation of the colored complex is 
measured by a spectrophotometer. 

3, In older assays, non -Crt chromogens (e,g„ proteins, glucose, acetone, and acetoat- 
etate reacted to produce Crt-like chromogens) caused a positive interference in Crt 
assays. Conversion to kinetic assays has reduced the interference, 

III. Increased [Crt] in serum or plasma (azotemia) (Table 8,2) 

A Increased [Crt] is typically due to a pathologic process associated with decreased C AR 
(prerenab renal, or post renal processes). Potentially, increased Crt production and 
release from damaged myocytes (e.g. t exertional rhabdomyolysis) could contribute to 
increased serum fCri], but Crt is quickly cleared from plasma if there is adequate renal 
function, 

B. Baseline serum [Crt] may vary among individuals because of variations in total body 
muscle mass or meat intake, but these factors are not expected to cause azotemia. 

IV. Decreased [Crt] in serum or plasma 

A, Not clinically recognized or clinically significant 

B. In most species, serum [Crt] is near the analytical sensitivity of Crt assays and thus docu- 
menting a true decrease would be difficult. 

UREA NITROGEN (UN) CONCENTRATION VERSUS CREATININE (Crt) 
CONCENTRATION IN SERUM OR PLASMA 

L Concepts 

A, In. most mammals, increases in [Crt] and [UN] generally parallel each other and thus the 
same information can usually be gained from either value alone. In horses, [Crt] tends to 
be more sensitive than [UN] to decreases in GFR, 

B. In theory, [Crr[ is a better indicator than jUN] of decreased GFR because the quantity 
of Crt presented to the kidneys is more constant and it is not resorbed by the tubules* 
whereas urea is resorbed. Factors that may affect [Crt] and [UN] include: 

1. Hypovolemia causes increased urea resorption in the tubules because of decreased 
flow rate in the tubules, which allows more time for urea diffusion and ADH pro- 
motes urea resorption in the distal nephron* 

2. Increased protein in intestinal contents (high protein diet, massive intestinal hemor- 
rhage) leads to increased generation of NH 4 + and subsequently urea if digestive and 
absorptive processes are functioning 

3. Intestinal excretion of urea and Crt may influence serum JUNf and [Crt]* 


Copyrighted material 




m 


FUNDAMENTALS OF VETERINARY CLINICAL PATHOLOGY 


Table 8«5. (UNsCft), ratios in azotcmk dogs and cats 



Pre renal 

Renal 

Post renal 

No. of cases 


6 


78 

17 



Average 

Range 

Average 

Range 

Average 

Range 

(UN] (mg/dL) 

89 

21-183 

140 

38-470 

194 

83-340 

[Crt] (mg/dL) 

2.4 

0.4— 6.4 

4.9 

1.2—1 1 J 

9.1 

1.3-20 

(UN:Cri), ratio 

33 

10-260 

30 

7-102 

31 

12-128 

Source: Adapted from Fincu 

DR, Duncan |R, 

1976, Evaluation of blood 

urea nitrogen and 

serum ere- 


atinine concentrations m indicators of renal dysfunction; A study of 11 S cases and » review of related lit- 
erature- ] Am Ver Med Assoc 1 68593-60 1 . 


II. Serum UN:Crt ratio 

A. Clinical observations Kave suggested that a serum UN: Crt ratio can help differentiate 

prerend and renal azotemias* and the following statements have been made; 

1. An increased serum [UN] but a normal serum [Cn] is most likely a pre renal 
azotemia* 

2, If serum |Crt] is increased proportionately more than serum [UN], then the azotemia 
is probably renal or postrenal. 

B. Published conclusions and data from azotcmic dogs 1 ’ (Table 8.5) 

1 . It is not possible to reliably differentiate renal from extrarenal azotemias by means of 
the serum UN;Crt ratio. 

2. [UN | and fCrt] in serum should be regarded as crude indices of renal function; both 
lack diagnostic sensitivity and specificity for renal dysfunction due to rend disease. 

CREATININE (Crt) CLEARANCE RATE 


I* Crt clearance rate is the rate Crt is cleared from plasma by the kidneys; it is a good estimate 
of GFR in domestic animals, but it is not equivalent to GFR. A decreased Crt clearance rate 
(if a valid result) indicates the animal has a decreased GFR. However, the cause of the 
decreased GFR can be pnerenaL re nab or post renal 


IL Crt clearance rate formula (Eq. 8.1) 


Creatinine clearance rate = 


[Crt],, 

[Crt], 


X volume.. ■+■ time + bw 


;Crt| tt = Crt concentration in collected urine during a rimed collection period 


[Crt], = Crt concentration in serum from a. blood sample collected during the 
timed urine collection period 

volume, — urine volume (in mL) collected during a timed collection period 
time = length of time (in min) during the urine collection period 
bw = body weight (in kg) of animal 

units = ml./min/Ug - ml of plasma that were cleared of creatifiine/min/kg 


( 8 . 1 .) 
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HI. Composition of urine is determined by three major factors. Because of these factors , the 
urine composition is affected by the entire urinary system and by other body systems. 

A. Quantity and composition of plasma presented to kidneys 

B. Renal functions, including hit ration, secretion, and absorption 

C. Material (chemicals t cells) added to glomerular filtrate as it flows through kidneys, 
ureters, urinary bladder, urethra, and prepuce or vagina/ vulva 

IV. It is important to know the method of urine collection (i.e. T voided, cysrocentesis, catheteri- 
zation, or “off-floor 11 ) when you are interpreting UA results. Results expected in healthy 
dogs, cats, horses, and cattle are provided in Table 8.6. 


Table 8.6. Expected UA results in healthy dogs, eats, houses, and cattle 



Doe 

Cat 

Horse 

Cattle 

Physical 

Color 

yellow 4 ' 

yellow 4 

yellow 3 

yellow 3 

Clarity 

clear 

clear 

hazy-turbsd 

clear 

USG_f 

1 .015-1.04 5 b 

1.015-1 .065 s * 

1 .020-1.050** 

1.025-1. 04 5 b 

Chemical 

pH 

6 .0-7. 5 

6.0-7. 5 

7.5-S.5 

7. 5-8. 5 

Protein 

neg- l-t 6 

neg 

neg 

neg 

Glucose 

neg 

neg 

neg 

neg 

Ketone 

neg 

neg 

neg 


Heme 

m 

neg 

neg 

neg 

Bilirubin 

neg — 1 + c 

neg 

neg 

neg 

Urobilinogen 

0.2-1. 0 

0.2- 1.0 

0.2- L0 

0.2- 1.0 

Sediment (from centrifugation 
of 5 mi, of fresh urine) 1 - 1 

WBC /hpf 

< 5 

< 5 

< 5 

< 5 

RBC /hpf 

<5 

< 5 

< 5 

< 5 

Bacteria /hpf 

none 

none 

none 

none 

Casts /Ipf 

none* 

none* 

none* 

none* 

Epithelial cells /Ipf 

none to few* 

none to few* 

none to few* 

none to few* 

Crystals /Ipf 

none# 

none* 

none# 

none& 

Other 

• — 

■ — 

mucus 

— 


* Intensity of yellow will typically vary proportionately with USG rrf , 

b Assuming normal hydration status and no treatments that alter resorption «*f H»Q by kidneys. 

1 Trace and 1+ reactions should be found in the more concentrated samples. 

d The number of cells or structures seen per microscopic field will differ when the diameter of the 
viewed field differs because of differences between microscope objective and ocular lens. 

* A few hyaline casts usually arc not associated with a pathologic state;, occasional granular casts can be 
found in healthy animals. 

1 Varies with method of collection; large round epithelial cells and. squamous cells are expected in 
voided and some catheterized samples. 

& Phosphate crystals in dogs and cats and carbonate crystals in horses and cattle are common examples 
of crystals whose presence may nor indicate a pathologic state; see Table 8.10. 
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PHYSICAL EXAMINATION OF URINE 

L Urine color (pigments) 

A, Physiologic processes 

1. Normal yellow to amber color is due to urochromes, a group of poorly defined urine 
pigments of which one is riboflavin* 

2. Pale yellow urine is usually dilute or less concentrated chan dark yellow urine, but nor 
always (Plate 6M). 

B, Analytical concepts: Gross assessment of urine color is typically done on fresh, well- 
mixed urine* 

C, Abnormal urine color (pigmenturia) 

1 . Abnormal color indicates the presence of abnormal pigments in the urine. Other 
parts of the urinalysis or other assays are needed to determine which pigment or pig- 
ments are present. 

2. Common abnormal colors and the substances that create them {concurrent pigmeri- 
turias may alter expected colors) 

a. Red: erythrocytes, hemoglobin, myoglobin 

b. Red- brown: erythrocytes, hemoglobin* myoglobin, methemoglobin 

c. Brown to black: methemoglobin from Hgb or myoglobin 

d. Yellow-orange: bilirubin 

e. Yellow-green or yellow-brown: bilirubin, biliverdin 

3. Horse urine may turn red or brown during storage or when exposed to snow. The 
pigmenturia is reported to be due to pynocatechin (pyrocaiechol), 28 which is the aro- 
matic portion of catecholamines. A pathologic state is not associated with this pig- 
memuria, 

IL Urine clarity 

A. Physiologic processes 

1 . Expect clear but may have mild turbidity due ro suspended particles (e.g,,, epithelial 
cells, crystals) 

2 . Equine urine is frequently turbid or cloudy due to the presence of mucoproter.fi (pro- 
duced by kidneys) or calcium carbonate crystals. 

B. Analytical concepts: Gross assessment of urine clarity is typically done on fresh, wdl- 
mixcd urine, 

C. Cloudiness or turbidity indicates the presence of formed elements, such as cells, crystals, 
bacteria, and casts, in the urine. 

HI. Solute concentration 

A. Physiologic processes 

1* The solutes in urine are the dissolved ions and molecules. Most of them, including 
electrolytes (Na*, K\ Cl\ Ca 2 % PO*, NHf) and metabolic products (urea, Crt), are 
being excreted by the kidneys. 

2. The concentrations of filtrate solutes are modified, by the tubular resorption or secre- 
tion of solutes and by the resorption of filtrate HAY 

3. Urine solute concentrations are expected to increase when the kidneys are conserving 
H>0 and decrease when the kidneys are not conserving H,0, 

B. Analytical concepts 

1 . Specific gravity (also called relative density), a physical property of a solution, is the 
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rat io of a solution’s weight to the weight: of an equal volume of H^O the ratio of 
their densities). Measurement of the true urine SG is an obsolete procedure. Specific 
gravity is a unit less ratio. 

2. Refractive index as an estimate of urine specific gravity (USG rd ) 

a. The refractive index of urine is measured with a refracrometer and it is used m a 
routine clinical estimation of urine specific gravity (USG reE l The refractive index 
of a solution is the ratio of the speed of light in a vacuum to the speed of light in 
the solution. When light waves enter a solution , they slow down and are bent 
(refracted). As solute i$ added to H : 0, the degree to which the light slows down 
and is refracted increases proportionately to the increase in solute concentration 
{i.e.* the refractive index increases). Specific gravity also increases proportionately 
to the solute concentration, so specific gravity is correlated with refractive index if 
the types and proportions of the solutes remain similar. If urine has relatively nor- 
mal solute composition, USG^ from a good-quality refracrometer correlates very 
well with osmolality. 

b. Most temperature-compensated rcfractomctcrs have USG^ scales that are cali- 
brated for the normal composition of human urine (Fig. 8.6). However, there are 
refractometers that are calibrated for constituents of canine, feline, and large ani- 
mal urine (Fig. 8.7). 


URINE 

SPECIFIC 

GRAVITY 

1.050 — 

1.045-= 

1.040-= 

1 035 -E 

1 030-= 
1J325-E 
1 020 -1 
1 015— | 
1 . 010 —= 
1 O05-# 
1000 — 


SERUM 

PLASMA 

PROTEIN 

SMOOml 

12 -=- 



REFRACT. 
INDEX, n 0 

^-1 357 
i-1,356 
=-1,355 



1 - 1,354 
=- 1.353 
1-1 352 
1-1 351 
=- 1.350 
1-1349 
=-1 348 


1.347 
1346 
1345 
1.344 
1343 
1342 
1341 
1340 
1339 
1338 
1.337 
1 336 
1335 
1 334 
1 333 


Fig. 8.6, Illustration of scales in a leteaTS400 handheld refraeromerer 

The- refnactornetcr measures the fluid's refractive index, and the “urine specific gravity" and "serum plasma 
protein" scales are used to estimate USG wj - values and coiai protein concentrations, respectively. The refnac- 
tomeier scales were calibrated for human samples. (Image used with permission from Lcica Microsystems 
Inc,, Buffalo, NAY) 


ov 
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2, Healthy animals with normal or adequate renaJ function can excrete urine with a 
broad USG K f range* depending on. what the kidneys are being challenged to do, 

a. Maximal urine dilution in domestic mammals as assessed by USG ra f: near 1,001 

b. Maximal urine concentration as assessed by USG^ cats > 1.080* dogs near 
1.060, horses and cattle near 1.050 

c. Usual USG^ values when H : G intake is adequate and hydration status is normal: 
dogs (1.015-1,045); cats (1*015-1,065); horses (1,020-1.050); cattle 
(1.025-1.045). However* USG wr may be lower or higher in animals with normal 
renal function. 

D, 1 nte rpnetation of U S G val ucs 

1- A USG^ value is usually needed for the assessment of renal concentrating ability 
when animals are azote mic, polyuric, oliguric* or an uric. Because of the many vari- 
ables that change urine solute concentrations* however* it is difficult to formulate 
firm guidelines for the interpretation of USG^ values in all cases. 

2, Animals with impaired renal concentrating ability will have one or more of the fol- 
lowing defects, 

a. ADH deficiency is present (central diabetes insipidus)* 

b. Epithelial cells of distal nephrons are not responsive to ADH {nephrogenic dia- 
betes insipidus). 

c. Solute overload was present (too much solute entering the loop as occurs with 
osmotic diuresis* renal failure, or increased GFR), resulting in a high flow rate 
and decreased resorption of tubular H ; 0. 

d- Decreased medullary hyperton id ty 

(1) Prolonged hyponatremia or hypoch (uremia 

(2) Defective Na* and Cl" transport in loop (e.g.., loop diuretics) 

(3) Decreased urea production due to liver disease 

(4) Solute overload or prolonged diuresis 

3* General guidelines for USG ref interpretation are in Table 8.7. 

4. USGjj* values in various disorders or conditions 

a, USG ref > 1.030 in an oliguric dog* > 1.035 in an oliguric cat. > 1.025 in oliguric 
horses or cows 

(1) Nonrenal processes (e.g., hypovolemia, decreased cardiac output) have led to 
decreased renal perfusion; hypovolemia or plasma hyperosmolality stimulated 
the release of ADH. 

(2) ADH promoted the resorption of H 2 0 in the collecting tubules, thus con- 
centrating the tubular fluid and thus urine. 

b„ USGref < 1 -030 in an obviously dehydrated dog, < 1,035 in a dehydrated cat, < 

1 .020 in a dehydrated cow or horse 

(1) Such findings indicate a renal concentrating defect that could be due to renal 
or excrarenal disease, 

(2) Pathogeneses of the specific causes vary with the pathologic states (see 
polyuric disorders below). 

c. USGref ■ 1*020-1 .035 in a polyuric animal 

(1) Diabetes mdlitus: Glucosuria causes an osmotic diuresis by inhibiting the 
passive resorption of H z O in the proximal tubules. If it persists, the high flow 
rate may result in impaired resorption of Na*, Cl”, and urea, and thus 
medullary tonicity decreases. 

(2) Potentially seen with renal glucosuria 
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release; thus, there might be reduced ADH activity (conversely; hypov- 
olemia is probably stimulating ADH release),. 

(6) Canine pyomecra: The specific pathogenesis is not clear bui the kidneys are 
refractory or poorly responsive to ADH; one potential mechanism is that 
bacterial endotoxins initiate the refractory state. 

(7) Liver failure 

(a) Increased NH/ excretion may inhibit renal concentrating 
mechanisms, 

(b) Decreased urea synthesis may lead, to a decreased medullary urea con- 
centration, thus a decreased medullary concentration gradient 
(medullary washout), 

(8) Hypokalemia 

la) Hypokalemia makes collecting tubules less responsive to ADH, perhaps 
due to reduced generation of AMP 37 or aquaporinA 
(b) K* is needed for Na* and Cl" resorption in the ascending limb of the 
loop of Henle and thus hypokalemia may impair countercurrent 
function. 1,58 

(9) Hypoparathyroidism: The pathogenesis is not well understood, 

(10) Feline hyperthyroidism: The pathogenesis is not well understood. 

(11) Psychogenic polydipsia: Excessive H 2 0 consumption leads to expanded 
ECF volume and bypoos molality; polyuria results from increased GFR and 
decreased ADH secretion. 

(12) Others: diuretic therapy, alcohol administration, IV fluid administration, 
dextrose or mannitol fluid therapy 

(13) Thyroiditis: Occasional dogs with thyroiditis (but not hypothyroidism) have 
polyuria and polydipsia. The pathogenesis is not known; it may not be 
directly related to thyroiditis. 39 

CHEMICAL EXAMINATION OF URINE (QUALITATIVE OR SEMIQUANTITATIVE) 

I. Major concepts 

A. Semiquanr native results of urinalysis procedures (chemical and microscopic) are used to 
detect or character ire pathologic states. The concentration of a solute in urine will 
depend on two major factors: (l) amount of solute excreted in the urine over time (may 
come from reproductive tract) and (2) amount of H 3 0 excreted by the urinary system 
during the same time interval. 

1 . The semiquanritadve results of the reagent pad systems are graded on scales provided 
by the manufacturers of the reagent strips (Table 8.8). 

a. A 1+ result indicates there was enough of the solute present to give a 1+ reaction 
but not enough to give a 2+ reaction. 

b. When reactions are read by visual examination, the distinction between a 1+ reac- 
tion and a 2+ reaction, or between 2+ and 3+ (etc.), may be difficult. Thus, the 
true concentration of a solute may be considerably different front the reported 
value. 

2. Relationship of urine solute concentration, urine volume, and daily urinary excretion 
of solutes (Eq. 8.3) 

Daily u ri nary solu te excret to n = | so hi re), x u rine vcl time / day (8.3.) 
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Table 8.8* Semi quantitative values or terms of solute concentrations est im ated by urinalysis 


reagent strip reactions ( Multi stix' 1 by Bayer) 


Glucose 

(mg/dL) 

Bilirubin 

Ketone 

(mg/dL) 

Heme J 

Protein 

(mg/dL) 

Urobil. 

(mg/dL) 

Negative** 

< 75-125 

< 0.4-0. 8 

<5-10 

« 0,015-0.062 

15-30 

— 

Trace 

100 

■ — 

5 

— 

10 

0.21.0 

1 + 

250 

small 

15 

small 

30 

2 

2 * 

500 

moderate 

40 

moderate 

100 

4 

3+ 

1000 

large 

80 

large 

300 

8 

4 + 

2000 

r 

160 


1000 



Note: Reagent strip has a pH indicator pad with a range of 5.0-8, 5 units that are read u the nearest 0,5 
units by color comparison (except some strips do not have a 5.5 reaction). 

* Heme test is commonly referred to as either the ‘"blood' or ''occult blood" test, 

'■Reported ranges are the reported analytical sensitivity limits of the reactions in contrived urine; reactions 
may vary in actual samples. Ketone sensitivity measured with acetic add, Heme sensitivity measured with 
Hgjb. Protein sensitivity measured with albumin. All units in “negative"’ row are mg/dL, 


a, IE the urine solute concentration remained constant (e,g.» 150 mg/dL) from one 
day to die next but the urine volume doubled (e.g., from 100 mUday to 200 
mL/dayh then the urinary excretion of the solute doubled from one day to the 
next (from 150 rng/day to 300 mg/day). 

b. If the urine solute concentration doubled (from 150 to 300 mg/dL) from one day 
to the next but; the urine volume remained constant {100 mL/day) T then the uri- 
nary excretion of the solute doubled from one day to the next (from 150 mg/ thy 
to 300 mg/d ay). 

e, IE the urine solute concentration doublet! (from 150 to 300 mg/dL) from one day 
to the next but the urine volume halved (from 100 mL/day to 50 mL/day)* then 
the urinary excretion of the solute remained constant from one day to the next 
(150 mg/day), 

3. Relationship of urine volume and USG^ values 

a. If the animal is not in renal insufficiency or failure, urine volume is inversely pro- 
portional to U5G ref . 

b. II urinary excretion of solutes remains constant (e,g. N 1 g/day) but urine volume 
doubles from one day to the next, the UStj rrf is expected to “halve 1 " from one day 
to the next (e.g., from 1.040 to 1.020), 

c* If urinary excretion of solutes remains constant (e*g, h I g/day) but urine volume 
halves from one day to the next, the USG^ is expected to '’double" from one day 
to the next (e.g., from 1 ,020 to 1,040), 

4, Use of concepts to interpret urinalysis results 

a, . Dog #1 with a urine glucose concentration of 500 mg/dL and a USG rd - of 1,015 

is typically excreting just as much glucose per day as Dog #2 that has a urine glu- 
cose concentration of 1 .0 g/dL and a U5G,, d - of 1.030. 

b. Dog #3 wi th a urine protein concentration of 50 mg/dL and a USG rd of 
1.040 is probably not proteinuric (healthy dogs may have urine protein concen- 
trations of 4-65 mg/dL; USG„ t - is typically 1.020-1.045), However, Dog #4 
with a urine protein concentration of 50 mg/dL and a USG^f of 1.010 is 
proteinuric. 
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Table 8,9* Major disorders or conditions that cause abnormal chemistry results in a 
routine UA 

Aciduria 

"Expected in healthy carnivores, omnivores, suckling herbivores, and herbivores on milk diet 

* Acidoses, some metabolic and potentially with respiratory 

" Associated with hypochloremic metabolic alkalosis (paradoxical aciduria) 

Hypokalemia 

H + production by bacteria 

Proximal tubular acidosis (if HCO^ -depleted) 

Alkalimiria 

"Expected in healthy herbivores and after meals In monogas trie mammals (alkaline tide) 
"Urea degradation: spontaneous in older samples, initiated by urease-con raining bacteria 
Alkaloses, some metabolic and potentially with respirator)' 

Proximal tubular acidosis (early) 

Proteinuria 

Prerenal (overflow): hemoglobinuria, myoglobinuria, paraproteinuria 
"Glomerular: glomerulonephritis or amyloidosis 
Tubular: congenital or acquired proximal tubular diseases 
•Hemorrhagic or inflammatory proteinuria 
False positive reaction (see text) 

Glycosuria ( gl y cosuria) 

"Hyperglycemia 

Renal: congenital or acquired proximal tubular diseases 
False positive reaction (see text) 

Kctonuria 

"Ketosis 

False positive reaction (see text) 

Heme positive* 

"Hematuria (pathologic, iatrogenic, estral) 

* Hemoglobi nuria 
Myoglobinuria 

False positive reaction (see text) 

Bilirubin uria 

"Expected in concentrated urine of healthy dogs 
"Hemolytic diseases 
"Hepatobiliary diseases 

False positive reaction (see text) _ _ _ _ 

1 In most reagent systems, the heme test ' called either the "blood” test or the "occult blood" test 
although the assay is designed to detect heme, 


or it may result from other factors (secondary hyperaldosteronism or enhanced secre- 
tion of Na + and H + by the ascending limb because the Na + -K + -2CI" cotransporter is 
blocked by furosemide). 1 

6. Proximal renal tubular acidosis (if H COy-dcplctcd): A decreased conservation of 
HCOf by proximal tubules allows HCOy to buffer more H + in tubular fluid and 
thus there k a higher urine pH than expected in an ad do tic animal (may be alkalin- 
uric). However, when plasma iHCOy] decreases, the remaining tubular function 
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may be enough to conserve the filtered HCO,', Then,, there will not be sufficient 
HCOy in the tubular fluid to buffer the H* and aciduria may be present. 

LX Alkali num: suggests decreased excretion of H* (Table 8.9) 

1 . Urea splitting or hydrolysis: Breakdown of urea releases two -NH> groups that each 
quickly accept H* tons to form NH 4 *; removal of free H* from urine makes the 
urine more alkaline. 

a, May occur with delayed completion of urinalysis 

b. May be caused by urease-containing bacteria (eg,*, Staphybcocvus and Proteus) t 
either in vim or in vitro 

2, Respiratory alkalosis: Probably less H* is secreted by the distal nephron because of 
less stimulation of the H + -ATPasc pump, 

3, Distal renal tubular acidosis: Decreased HP excretion by the distal nephron can lead 
to an inappropriately high urine pH (> 63)) in the face of acidosis; the pH may not 
be alkaline, 

4. Proximal renal tubular acidosisfsce explanation in preceding aciduria section). 

Ill, Protein in urine 

A. Physiologic processes 

1 . Many small proteins (usually M r < 68,000) can pass through the glomerular filtration 
barrier,. In most healthy animals, the proteins are resorbed in the proximal tubules 
and thus very little to no protein is detected in urine samples. 

2. Urine of healthy dogs may contain measurable protein concentrations without evi- 
dence of urinary tract disease, 

a. Most of the protein is albumin, 

b. Dogs (n = 145) with concentrated urine (1.020-1 .045} and without evidence of 
urinary tract disease bad negative, trace, or 1+ reactions with a dipstick reagent 
pad; 4-65 mg/dL with a CBB method; 4-95 mg/dL with a trichloroacetic add 
method. 41 

3. Tamm- Horsfall protein is mucoprotein that apparently is secreted by the loop of 
He n!e and pari of the distal tubule and collecting ducts; it is soluble above pH 7 but 
insoluble below pH 7* It is a major component of hyaline casts, and it may be part of 
the matrix of granular casts, 

B. Analytical concepts 

1, Reagent strip method 

a. Principle: The reagent pad contains a colorimetric pH indicator (tctmbromphcnol 
blue) at acidic pH; negatively charged proteins bind the dye and change the pad’s 
colon 

b. Changes in color of the pad correspond to estimated protein concentrations 
(Table 8,8)* 

c. Abnormal urine color (pigmenturia) may interfere with reagent pad color and 
therefore with estimation of protein concentration. 

<L Falsely increased readings may occur in highly buffered alkaline urine 4 ' 2 or in 
urine that contains quaternary ammonium salts or chlorhexidine, 
t\ Analytical sensitivity and specificity 

(1} Detects albumin better chan globulins, which are less negatively charged. 
Protein in cells (c,g.> epithelial cells and leukocytes) reacts very poorly with 
reagents, 

(2) Protein concentrations needed to give a trace to 1+ reaction: albumin (14-21 
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mg/dL), ot-globulin (20-30 mg/dL), |3-globulin (40-50 mg/dL), 7-globulin 
(> 1000 mg/dL), light chains (26=52 mg/dL), and hemoglobin (5=50 
mgMLF' 44 

2, SSA turbidity 

a. Principle: Proteins are denatured by acids and form a precipitate that is seen as 
increased solution turbidity 

b. Results may be expressed on a visual turbidity .scale (1+ to 4+) or visually com- 
pared against standard solutions to interpolate concentrations. There are also 
spectrophoto metric SSA methods that give more quantitative results, 

c. SSA reacts with albumin better than globulins (reportedly 2=4 times as well) and 
will detect Bence Jones proteins (concentration -dependent), 

d. Falsely increased readings can be caused by X-ray contrast media, tolbutamide, 
penicillin (massive dose) * sulfisoxazole, tolmetin sodium,, and turbidity caused by 
co-precipitation of crystals because of the low* pH of SSA, 

e. Falsely decreased readings can be caused by highly buffered alkaline urine, 26,4 * 

3, TCA method 

a. Principle: Proteins are denatured by acids and form a precipitate that is seen as 
increased solution turbidity. 

b. The TCA method is less affected by the albumiruglobulm ratio in the sample 
than is the SSA method. The TCA method is temperature sensitive and needs to 
be completed at 20°-25 & C3 ft 

4 . CBB assay 

a. Principle: The amount of dye binding to amine groups of amino acids is propor- 
tional to the quantity of protein present, 

h. Quantitative spectrophoto metric assays are not part of routine UA but may be 
used to document urine protein concentration. These assays are minimally affect- 
ed by album in :globulin ratios in the urine and they will detect Bence Jones 
proteins, 

5. Benzethonium chloride assay 

a. Principle: Benzethonium chloride reacts with proteins to produce a turbidity that 
is proportional to the amount of protein present, 

b. This quantitative turbidi metric assay is reported to react similarity with albumin 
and 7-globulins, Hemoglobin will react with the reagent, 

C Proteinuria (Table 8. 9) (Fig. 8,9) 

1 ♦ Preieual (overflow, overload, preg, iomeru.br) proteinuria 

a. A pathologic state causes an increased plasma concentration of a small protein 
that passes through the glomerular filtration barrier. If the amount of filtered pro- 
tein exceeds the ability of proximal tubules to resorb it, the protein is excreted in 
the urine. Examples: paraproteinuria (light chains: monomer M r = 23,000, dimer 
M t * 46,000), hemoglobinuria (dimer M r = 34,000}, myoglobinuria (M r * 
17,000), and posrcolostral proteinuria in food animals, 

b. Light chain, hemoglobin, and myoglobin molecules are detected by routine urine 
protein assays. 

c. Overflow proteinurias do not produce hypoproteinemia. 

2. Glomerular proteinuria 

a. Glomerular disease causes damage to the filtration barrier and a decrease in selec- 
tive permeability. The glomerulus becomes increasingly permeable to larger pro- 
teins or to negatively charged proteins. 
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Fig. 8.9. Four major types of proteinuria. 

* In prerenai proteinurias (Prerenal), small proteins (e.g., Hgb dimers, light chains, myoglobin) present in 
plasma at increased concentrations are excreted in urine because they pass through rhe glomerular filtration 
barrier and are incompletely resorbed in tubules, 

* In glomerular proteinurias (Glam.!. glomerular disease causes damage to the filtration barrier and a decrease 
in selective permeability. Glomeruli become increasingly permeable to larger or negatively charged plasma 
proteins. These proteins pass through the defective filtration barrier and are incompletely resorbed by 
tubules, so they are excreted in urine. 

* In tubular proteinurias (Tubular), proximal renal tubules are defective so that proteins that normally are 
resorbed From ultrafiltrate (e.g„ some albumin and smaller globulins) are not, and thus they are excreted in 
the urine. 

* In hemorrhagic and inflammatory proteinurias (Hemor. & Inf), plasma proteins or hemoglobin enter the 
uri ne because of hemorrhage or inflammation involving renal tubules, renal pelvis, ureters, urinary bladder, 
urethra, or genital tract tissues. 


b r Albuminuria may be the first evidence of glomerular disease, but with greater 
damage, other proteins, including larger globulins, appear in the urine. Prolonged 
mild or rapid severe glomerular proteinuria will cause a selective hypoproteinemia 
(loss of plasma proteins except for die largest forms) (see Chap, 7). 

c. In people, a transient' proteinuria occurs after exercise and it; is considered a form 
of glomerular proteinuria. 

3. Tubular proteinuria 

a. Proximal renal tubules are defective so that proteins that normally arc resorted 
from ultrafiltrate (e.g., some albumin and smaller globulins) are not, and thus 
they are excreted in the urine, 

b. Tubular proteinurias are usually associated with acute renal diseases (toxicoses, 
hypoxia) but can be congenital; they do not produce hypoalbumi nem i a , 

4 . Hemorrhagic or inflammatory proteinuria (also called secretory or pos trend protein- 
uria, but hemorrhage and exudation may occur in kidneys) 

a. Hemorrhagic: hemorrhage into the genitourinary' tract due to impaired hemosta- 
sis, including blood vessel damage by inflammation* trauma, neoplasia, or other 
necrosis 

b. Inflammatory: exudation of plasma proteins through vessel walls into the geni- 
tourinary tract due to inflammation 

c. The postrenal proteinurias are die most common proteinurias. The quantity of 
protein lost is usually not sufficient to cause hypoalbuminemia, but there may be 
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mild hypoalbuminemia due to in flam mat ion or massive hemorrhage. Proteins 
detected in the urine originate primarily from plasma; proteins from cells (leuko- 
cytes, epithelial cells) are poorly detected by the urine protein assays. 

d, Evidence to support this type of proteinuria is usually found in other urinalysis 
results: inflammatory (pyuria), hemorrhagic (hematuria). 

e. Must consider reproductive tract sources (e.g., prostatitis, estral bleeding), espe- 
cially in voided urine samples. 

D. Protein- losing nephropathy and renal failure concepts (Fig, 8.10} 

L Urea and Crt are small molecules that freely pass through the glomerular filtration 
barrier (sieves). Some fill rare urea is resorbed by tubules. The remaining urea and Crt 
are excreted in urine and thus do not accumulate in blood. Except for small amounts 
in dogs, albumin does not pass through the glomerular filtration barrier and thus it 
remains in the blood. 

2, With a protein -Losing nephropathy; the glomerular “sieves'" become more porous, and 
larger proteins or charged proteins that usually are repelled enter the renal filtrate via 
glomeruli. If the ability to resorb proteins is exceeded, then a proteinuria will be pres- 
ent. The continual loss of protein will lead to hypoalbuminemia. As long as there is 
an adequate number of functional glomeruli, urea and Crt will be adequately 
removed from blood and azotemia will not develop. 

3. II the glomerular disease destroys more nephrons, then renal failure occurs. The few 
remaining functional glomeruli cannot remove urea and Crt fast enough from the 
blood, so azotemia develops, Proteinuria continues because the remaining glomeruli 
are permeable to proteins. The severity of hypoalbuminemia increases because of con - 
tinued albumin loss, but defective excretion of H,0 (associated with Na 4 and H : 0 
retention) may contribute to hypoalbuminemia. 

IV. Glucose in urine 

A. Physiologic processes 

L Glucose is a relatively small molecule that passes freely through the glomerular filtra- 
tion barrier and enters the ultrafiltrate. 

2. Glucose is resorbed passively in the proximal tubules via a Na* -glucose cotransport 
system that is dependent on a favorable gradient established by active Na * transport 
from tubular cells to the peritubular fluid. 

3* Renal tubular transport maximum for glucose varies between domestic mammals; 
approximate transport maxi mums are 180-220 mg/dL in dogs, 47 about 290 mg/dL in 
cats,* 7 about 1 50 mg/dL in horses 48 and calves, 49 and probably lower in mature cattle. 
R. Analytical concepts 

1. Reagent strip method 

a. Principle; Conversion of glucose to gluconic acid is catalyzed by glucose oxidase 
with liberation of H 2 0 2 ; H,Q, reacts with an indicator to give a color change in 
the reagent pad. The degree of color change is proportional to the glucose con- 
centration (Table 8.8), 

b. Falsely increased reactions may be caused by H XT and sodium hypochlorite, 

c. Falsely decreased reactions may be caused by ascorbic acid, ketones, very concen- 
trated urine samples, and possibly cold urine, 

2, Copper- reduction method (Cl i nicest) 

a. Principle: Gu : ' reacts with a reducing substance (c.g,* hcxoscs) to produce 
cuprous (CiT) oxide and cuprous hydroxide and thus a color change. 
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lig. 8,10. Protein -losing nephropathy and renal failure. 

Illustrations depict a body's ECF as a lake, kidneys as a dam, and the urine as the river below the dam. 

Urea and creatinine molecules are small fish in the lake; albumin molecules are big fish. The nephron consists 
of the sieve or filter at the lake outlet and the rubes that run through the dam. Some H >0 and urea is 
reclaimed to maintain ECF H,0 and urea content. Only I of 10 nephrons is shown as a filter with a con- 
nected tubular system. 

* In the healthy animal,, urea and creatinine freely pass through 10 functional filters, into the dams tubes,, 
and into the river. Some urea (and FLO] is reclaimed from the dams tubes in a process enhanced by ADH, 
Albumin is too big to pass through the filters and rhus it stays in the lake. 

•In the protein-losing nephropathy illustration, 40% of the filters (and nephrons ) have been destroyed. The 
remaining 60% are damaged (more porous) and allow albumin to enter the dam and river. The loss of albu- 
min from the lake causes hypoal bum hernia and proteinuria. The remaining filters are sufficient to keep 
urea and creatinine removed from the lake and thus azotemia does not develop. 

•In the protein- losing nephropathy and rend failure, 80% of the filters (and neph rolls J have teen destroyed. 
The remaining 20% are damaged (more porous) and allow albumin to enter the dam and river. The loss of 
albumin from the lake causes a hypodbuminemia and proteinuria. The remaining filters are insufficient to 
keep urea and creatinine removed from the lake and thus azotemia develops. Also, the remaining nephrons 
are not able to adequately conserve FLO and thus polyuria develops. 
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b. Sem iquantitative results for standard method: negative, “ 250, = 500, ■ 750, =» 
1000, * .2000 mg/dL (probably more accurate than reagent strip method) 

c. False positive reactions may be caused by cephalosporin and ascorbic acid, 

C. Glucosuria (glycosuria) disorders (Table 8:9) 

l r Hyperglycemic glucosuria 

a. Transient or persistent hyperglycemia results in more glucose in the ultrafiltrate 
than can be resorbed by proximal tubules. 

b. Hyperglycemia is typically concurrent with the glucosuria, but a transient hyper- 
glycemia and delay in bladder emptying may mask concurrence. 

2 . Renat glucosuria (normoglycemic glucosuria) 

a. Transient or persistent glucosuria results from defective resorption of glucose 
caused by damaged or abnormal proximal tubules, 
b* iubular abnormalities can be acquired or congenital 

(1) Acquired: proximal renal tubular toxicosis or ischemia 

(2) Congenital.: Fanconi syndrome and pure primary renal glucosuria (bascn)i* 
Norwegian elkhound, Shetland sheepdog) 

3. Glucose in tubular fluid will cause osmotic diuresis (H>0 is “held" by the glucose in 
the tubular fluid, especially in the proximal tubules) and thus cause decreased renal 
concentrating ability and increased urine volume (polyuria), 

V. Ketones in urine 

A. Physiologic processes 

1- Acetoacetate, 0- hydroxy butyrate, and acetone are ketone bodies, but only acetoac- 
etace and acetone have the chemical structure of ketones, Acctoacctic acid and 0= 
hydroxybutyric add are ketoacids that are produced by hepaiocytes but dissociate at 
physiologic pH values to their anionic form and H*. 

2. Ketone bodies are not expected in the urine of healthy mammals that have adequate 
intake of nutrients, 

3* Ketone bodies may enter urine by both glomerular filtration of plasma and by tubu- 
lar secretion. The tubular secretion process probably shares a transport process with 
other organic anions. After entering the tubular fluid, acetoacetate and 0-hydroxybu- 
tvrate are non resorbable. 1 

B. Analytical concepts 

1 , Reagent strip method (Bayer) 

a. Principle: Acetoacetate (mostly) and acetone (less reactive) form colored complex- 
es with niauprusside; the amount of color change reflects the amount of ketones 
present (Table 8,8), The reagent system does not react with 0-hydroxy butyrate, 
the ketone body that does not have a ketone chemical structure. 

b. False positive reactions may be caused by highly pigmented urine, levodopa 
metabolites, arid some compounds that have sulfhydryl groups. Trace reactions 
may occur in urine with high specific gravity and low pH/ 1 

2, Acetest tablet method (Bayer) 

a. Principle: same as reagent strip method; easier to detect color change and thus, 
considered a more sensitive method 

b, Method may be used as a qualitative assay for blood* plasma* urine, and milk, 

C Ketonuria (Table 8,9) 

L Ketonuria occurs when there is increased mobilization of lipids because of a shift in 
energy production from carbohydrates to lipids (e.g., diabetes, mellims. starvation. 
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heme reaction.* 5 Erythrocytes should be microscopically identified in the urine 
sediment to confirm hematuria; erythrocytes rend to lyse it urine is very alkaline 
or unconcern rated (c.&, USG Jtf < 1H1 5)* so they may not he seen on examina- 
tion of the sediment, 

2- Hemoglobinuria 

a. During clinical intravascular hemolysis, plasma hemoglobin dimers pass through 
the glomerular fill rat ton barriers and enter the ultrafiltrate. If they are not com- 
pletely resorbed by renal tubules, the hemoglobin dimers arc excreted in the 
urine. 

b< Intravascular hemolysis of sufficient severity to cause hemoglobinemia and hemo- 
globinuria can be caused by a variety of disorders that cause anemia (see Table 
4,8); hemoglobinuria may also be created by lysis of erythrocytes after they enter 
urine; in such cases, hemoglobinemia should not be present (unless erythrocytes 
were lysed during blood collection or handling) » 

3. Myoglobinuria 

a. Myocyte necrosis or damage allows the release of myoglobin from the cell into the 
interstitial fluid, lymph, and finally blood, from which the small protein easily 
passes into the glomerular filtrate. 11 it is not completely resorbed by renal 
tubules, myoglobin is excreted in the urine. 

b. Myoglobin is rapidly cleared from, plasma and thus pink plasma is not expected. 
Myoglobinuria is associated with acute myopathies caused by trauma, excessive 
exertion, or exertional or paralytic rhabdo myolysis of horses (azoturia). 

VIE Bilirubin, in urine 

A. Physiologic processes 

L Bilirubin is not expected in urine of domestic mammals other than the dog (see 
below). 

2, Bu forms from the degradation of heme, primarily from hemoglobin degradation in 
macrophages. After conjugation in hepatocytes, Be is excreted via the biliary system. 

If regurgitated to plasma, Be passes freely through the glomerular filtration barrier 
and is excreted in urine. 

3, Renal tubular cells in at least some species (e*g.* dogs) have the ability to convert 
heme (from resorbed hemoglobin of hemoglobinuria) to Bu and then Be, which can 
be excreted in the urine. 

4, Usually, Bu is thought not to be in urine because it is bound to plasma albumin, 
which is not filtered by most glomeruli * However, because healthy dogs may have 
mild albuminuria and glomerular diseases can cause proteinuria, Bu bound to albu- 
min may be present in urine. 

B. Analytical concepts 

1. Reagent strip method 

a. Principle: Bilirubin becomes coupled with diazotized dicholoroaniline in a strong- 
ly acid medium; the coupling produces color changes that reflect the amount of 
bilirubin present (Table 8,8), 

b. Falsely increased reactions may be caused by indican and metabolites of etodolac. 

c. Falsely decreased reactions may be caused by ascorbic acid. 

2. Ictottst method; Although based on the same analytical principle* it is considered to 
have higher analytical sensitivity. 

3. Bilirubin molecules are degraded to biliverdm by exposure to ultraviolet light. Before 
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C. Pyuria: increased leukocyte concentration fnumber/hpf) in urine sediment (Table 8 JO) 

1, Urinary tract inflammation 

a. Inflammation of mucosal or submucosal tissues or renal parenchyma may allow 
leukocytes (mostly neutrophils and macrophages) to migrate from blood to urine. 
Inflammation can be caused by infections (bacteria* fungi, parasites) or noninfec- 
tious processes (neoplasia, urolithiasis, necrosis), 

b. The method of sample collection (voided, eystoeemesis* or catheterization) may 
help define the site of the inflammatory process. That is, leukocytes might be 
from anywhere in the genitourinary tract in a voided specimen* but their 
presence in a cystoccn tests sample indicates the source is somewhere from the kid- 
neys to and including the proximal urethra. Other clinical information may also 
help localize the inflammation; e.g., pollakiuria and stranguria would suggest 
lower urinary tract involvement; fever, neutrophilia* or azotemia would suggest 
nephritis, 

2. Genital tract inflammation 

a. Leukocytes may enter urine from the male or female genital tract before (e.g., 
prostate) or during (e.g, h preputial or vaginal source) micturition. The chance of 
contamination during micturition is reduced if the sample is collected midway 
through micturition. 

h. The inflammatory process may or may not be of clinical significance (eg., mild 
posthitis). 

III. Erythrocytes in urine sediment (Plate 6-0 

A, Physiologic processes; A few erythrocytes {< 5/hpf) may be found in urine from healthy 
mammals, 

R. Analytical concepts 

L Enumerated as range or mean of erythrocytes seen in most 400 X fields (hpf) 

2* Erythrocytes may crenate in urine and can be confused with leukocytes in nonstamed 
sediment. 

3- Erythrocytes may lyse in urine either before or after urine is collected; lysis tends to 
occur in unconcentrated or mildly concentrated urine (USG re f < 1,015) or very alka- 
line urine, especially if there is a delay in analysis. 

4. If erythrocytes are seen in the urine sediment, the heme reaction should, be 
positive, 

C. Hematuria: increased erythrocyte concentration (number/hpf) in urine sediment (Table 

8 JO) 

L Pathologic hemorrhage 

a. Vascular damage due to trauma, inflammation* renal infarcts, or other processes; 
common in animals with urinary tract infections 

b. Thrombocytopenia, thrum bocytopathia, or von Willebrand disease and the 
resultant poor repair of small vessels 

c. Coagulopathies (acquired or congenital) 

2. Iatrogenic hemorrhage 

a. Blood vessels may be damaged during bladder palpation, cystocentesis* or 
catheterization, 

b. Animals with hemostasis defects or urinary mucosal disease may be more prone to 
iatrogenic hemorrhage. 

3. Genital tract hemorrhage (associated with estrus) in voided samples 
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IV. Bacteria in urine sediment (Plate G.D and £} 

A. Physiologic processes: Urine formed by kidneys should be sterile. Low numbers of bacte- 
ria may gain access to urine via the distal urinary tract or genital tissues. 

B. Analytical concepts 

1 , Enumerated as a relative density of bacteria seen in most 400 X fields (hpf) 

2, Bacteria (especially cocci) may be difficult or impossible to differentiate from small 
particulate debris by routine sediment examination. 

3, If bacteria are of clinical significance, pyuria is expected but not always found, 

4, Bacteria may multiply in urine after it is collected. 

5, There is no standard method of reporting the concentration of bacteria in urine sedi- 
ment. Bacterial numbers may be graded (few to many) or bacteria may simply be 
reported as present or absent. Routine centrifugation of urine docs not appreciably 
concentrate bacteria in the sediment because they do not '‘spin down. "’ 1 This is in 
contrast to other suspended particulates such as cells. 

C . Bac teri u ri a (Tab! e 8 , 1 0} 

1. Determining clinical significance of bacterium involves Consideration of die presence 
or absence of pyuria, source of sample, concentration of bacteria, and other evidence 
of a urinary tract infection, 

2. Absence of detectable bacteria in urine sediment does not exclude the possibility of 
an infection. One should use quantitative urine culture methods whenever a urinary' 
tract infection is suspected. As many as 10,000 rods/mL or 1003)00 cocci /mL may 
be required for detection by routine urinalysis but as few as 1000/mL may be signifi- 
cant in a cystocentesis sample. The cutoff value (based on quantitative culture) 
between significant bacterium and contamination depends on the species of animal 
and the urine collection method used. 54 

V Casts in urine sediment (Plate 6. F t G, and H) 

A. Physiologic processes 

1. Casts ate cylindrical concretions formed in renal tubular lumens from proteins, intact 
cells, or cellular debris. Most are thought to have a matrix composed of Tamm- 
Horsfall mu coproteins secreted by epithelial cells of the loops of Henle, distal 
tubules, and collecting ducts, 

2. A few casts may form during the normal sloughing of tubular epithelial cells that 
occurs daily. Casts seen in healthy mammals typically are hyaline casts or fine granu- 
lar casts. Typically, only a few hyaline or granular casts arc found (< 2/lpf \ but a 
shower of casts may occur after physical activity. 

B. Analytical concepts 

1 . Enumerated as a range or mean of casts seen in most 1G0X fields (Ipf) 

2. Casts are classified by their appearance, which reflects their content: fine and. coarse 
granular (cell debris, plasma proton), epithelial cell (tubular epithelial cells), erythro- 
cyte, leukocyte, fatty (lipid droplets or lipid accumulation within deteriorated cells), 
waxy (perhaps deterioration of granular cast), mixed (combinations of previously 
mentioned), 

3. Casts deteriorate in urine (especially alkaline urine) and thus casts are best detected in 
fresh urine samples. 

4. Casts may be pigmented by bilirubin, hemoglobin, or myoglobin. 

C. Cylindruria (casts in urine) (Table 8 JO) 

1. Hyaline cast may be found in healthy animals and occur more commonly in animals 
with glomerular proteinurias. 
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2 , Granular* cellular, or fatty casts typically reflect active tubular degeneration or necro- 
sis; they may he the first evidence of toxic nephrosis (e.g.» gentamicin- induced, or 
hemoglobinuric and myoglobin uric nephropathies) or renal ischemia. A few granular 
casts can he found in the urine of healthy mammals. 

3, Leukocyte or erythrocyte casts reflect inflammation or hemorrhage, respectively, 
involving renal tubules. 

4, Waxy casts are uncommon and .seen primarily with chronic renal disease. 

5, Hemoglobin and myoglobin casts are red,- to brown-pigmented, granular casts and 
may be seen with hemoglobinuria or myoglobinuria. 

D, Pathogenesis (prevailing theory) 

1 , Hyaline casts form from the conglutination of 1 amm -Horsfall mucoprotein that is 
secreted by tubular cells of rhe loop of Henle, distal tubules, and collecting ducts. 
The reason for the conglutination is not understood, 

2 , Granular, lipid, and cellular casts form when cellular debris or cells are trapped in the 
Tamm-Horsfall mucoprotcm, Granular casts may also form from the incorporation 
of plasma proteins into the Tamm-Horsfall mucoprotein matrix. Waxy casts form 
from the deterioration and solidification of granular casts. 

3, Cast's may form in renal tubules but may not be flushed into urine, or they may be 
discharged intermittently in showers. Therefore, the absence of cylindruria does not 
exclude the possibility of active renal tubular disease. 

VI. Epithelial cells in urine sediment (Plate 6.1 and J ) 

A. Physiologic processes 

1 . Epithelial cells are constantly sloughing from the urinary tract mucosa and are 
replaced by new cells. Thus, epithelial cells are expected in urine of healthy 
animals. 

2. Types of epithelial cells vary within the urinary tract: renal tubular epithelial cells are 
cuboidal in situ but may be round in suspension; transitional epithelial cells fining 
the mucosa from the renal pelvis through most of the urethra appear round; squa- 
mous epithelial cells lining the distal urethra appear round or polygonal. 

B. Analytical concepts 

1 . Enu merited as range of mean of epithelial cells seen in most 100X fields (lpf) 

2. Superficial squamous epithelial cells are difficult or impossible to differentiate from 
the occasional transitional epithelial cells that have angular borders, 

3. Round transitional epithelial cells are difficult or impossible to differentiate from the 
round cells that occur in the intermediate layers of squamous epithelium, 

4. In n unstained sediment, individual renal epithelial cells arc difficult or impossible to 
differentiate from macrophages or small transitional epithelial cells, and clumps of 
renal tubular epithelium may look similar to transitional epithelium, 

5. All cells deteriorate in urine and thus arc best examined in fresh urine. 

C. Clinical significance of epithelial cells in urine 

1. May be found in healthy animals, especially in Gathered red samples 

2, More transitional epithelial cells may slough from inflamed or hyperplastic 
mucosa, 

3 + Neoplastic epithelial cells may be detected in urine sediment. Differentiation of neo- 
plastic, hyperplastic* and dysplasiic cells is best accomplished in stained centrifuged 
preparations made from very fresh, newly formed urine. However, differentiation 
may be difficult Dysplastic and hyperplastic cells are common in urine from animals 
with cystitis. 
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Amount of analyte excreted./ day = analyte concentration x urine volume/ day (8.4.) 
Example: analyte concentration = 50 nag / dL; urine volume / day =300 mL/ day 
Amount of analyte excreted / day = 50 mg / dL x 300 mL / day = 1 50 mg / day 

C. Because a 24- hr excretion study is difficult* more convenient but sometimes less accurate 
methods to assess urinary excretion are used, such as urine: plasma ratios or analyte:Crt 
ratios. 


[JL Analyte urine: plasma ratios 
A, Theory 

I, The rate of urinary excretion or clearance of a substance can be calculated using an 
excretion rate formula (Eq. 8, 5, ah 


Analyte excretion rate = 


jAnalyie], 

lAnalyrelp 


x volume j 


+ rime + bw 


( 8 , 5 .*,) 


* i , [Analyte].. 

Analyte excretion rate « x constant 

[Analyte] p 


<8.5.bd 


2. If urine volume, time, and body weight are considered constants, then the urine:pJas- 
ma ratio is proportional to the rare of urinary excretion of a substance (Eq. 8,5, b.). 
Those factors are not constants* but the ratio docs tend to reflect the urinary excre- 
tion of a substance (analyte) of solutes. 

B. Analyte urmeiplasma ratios for differentiation of pre renal azotemia and renal azotemia 

L Osm u :Osm p ratio reflects the kidneys’ ability to conserve H >0. 

a. A high ratio reflects, an ability to concentrate solutes. An animal with prerenal 
azotemia due to dehydration should have a high ratio, 
h, A ratio near 1.0 indicates isosthenuria and thus failure to concentrate or dilute 
the ultrafiltrate solutes. In an animal with renal azotemia, the ratio should be 
near 1.0. 

2, UN u :UN p and Cir w :Crt p ratios assess the renal ability to excrete nitrogenous wastes. 

a. Higher ratios reflect the kidneys’ ability to excrete nitrogenous waste via urine and 
thus are evidence of adequate renal function. 

b. Lower ratios reflect decreased renal excretion of urea or Crt (i.e„, a decreased 
GFR) and would support the conclusion of renal azotemia but they also may 
occur with prerenal and postrenal azotemias. 

3, Published ratios for horses illustrate the application of the ratios (also called urinary 
indices) (Table 8, 11). The ratios would vary between species but the general concepts 
apply across species. 


IV. (Prot;Crt) u ratio 
A. Theory 

L Increased protein loss via the urinary system is best determined by a 24-hr protein 
excretion study, i.e,, determining mg of protein lost/day/kg body weight. However* 
such a study requires a timed and complete urine collection. 

2. Crt clearance via the urinary system is considered to be relatively constant in, health. 
In addition! if urinary Crt clearance is decreased* then the rate of glomerular protein 
loss should be decreased because Crt more easily passes through the glomerular filtra- 
tion barrier than do protein molecules. However, If more protein enters urine 
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Table 8.11. Urinary indices for differentiation of prerenal and renal azotemia in horses 



Healthy horses 

Prerenal azotemia 

Renal azotemia 

Number of horses 

6 

6 

10 

Osmolality „ (mosm/kg) 

727-1456 

458-961 

226-495 

Osm u : Osnip. 

2. 5-5.2 

17-3.4 

0. 8-1.7 

[UN] u : [UN l p 

34-100 

15-44 

2.1-14 

[Crt], : [Cft]p 

2-344 

51-242 

2.6-37 

F.E. of Na* 

0.0 1 -0.7 

0.02-0.5 

0.8-10,1 


Source: Adapted from Grossman BS, Brobsi DE Kramer JW, Bayly WM, Reed SM. 1982. Urinary 
indices for differentiation of prerenal azotemia and renal azotemia in horses. ) Am Vet Med Assoc 

180:284-288. 


through damaged glomeruli or through other processes, then the rate of protein 
excretion compared to Crt excretion will he increased. 

3. Considering the above concepts, comparing rate of urinary protein loss to Crt excre- 
tion should reflect true changes in protein loss via the urinary system. This concept 
can he seen in the comparison of urinary excretion formulas and the derivation of 
the (Pror:Ot) u rario(Eq. 8.6). 


[ProtJ . * , 

— X volume u -s- time + bw 

Protein excretion rate [Prot^ 

Creatinine excretion rate [Crt] . r . (8*6) 

— x volume + time + bw 

[Crt], 

For a randomly collected urine sample, some factors in the numerator and denominator 
formulas are either the same or remain relatively constant. 

* The urine volume, the time the urine formed, and the body weight values are the same 
in both formulas. 

•The serum |Prot| and [Crt] probably remained constant during the time the collected urine 
was formed. 

Therefore* the relative rare of protein excretion compared to creatinine excretion can be 
estimated as follows. 


Protein excretion rate 
Creatinine excretion rate 


[Prot],, 
_ constant 

iCn] u 


or 


Protein excretion rate [Froif 

Creatinine excretion rate lCrt] u 


= (ProuCrth ratio 


constant 


B. Published, data 

1. When dogs with potential non renal proteinuria were excluded* there was good corre- 
lation between the (Pror:Crt} u ratio and the quantity of urinary protein excreted 

per day (either mg/day or mg/kg/day).^ 5 * Results of three studies are compared in 
Table 8.12. 

2. Interpretation guidelines for the (Pfot;Crt) u ratio based on these studies 
a. Healthy dogs: (ProtrCrt)^ ratio <0,5 

k Borderline values: (ProttCrt),, ratio = 0,5-1 .0 
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Table 8-12, (ProtsCrt), 

u ratios and 24-hr urinary protein 

excretion studies 



Group 

White ct al ah 

Grauer et al^ 

Center et aD b 

(PnuuCrOj, ratio 

24- hr urinary protein 
excretion ( mg/kg} 

Healthy 

Proteinuric 

Healthy 

Proteinuric 

0.08-0.54 {8)* 

I ..09-8.63 (10) 
1.9-H.7 m 
32.2-27 l.l (10) 

0.02-0.1? (16) 
0,48-15.1. (14) 
0.6-5. 1 (16) 
12.2-287.5 (14) 

0.01-0.38 (19) 
0.47-46.65 (38) 
0.2-7 .7 (19) 
7,5-533.7 (38) f 


Sources: White JV„ Olivier NB, Rcimann K, Johnson C, 1984, Use of protein- to-creatinine ratio in a single 
urine specimen for quantitative estimation of canine proteinuria, j Am Vet Med Assoc 185:682-885; Grauer 
GR Thomas CB, Eicker SW. 1985. Estimation of quantitative proteinuria in the dog, using the urine pro- 
cein-tQ'Creatinine ratio from a random, voided sample. Am J Vet Res 46:21 16-21 19; Center SA t Wilkinson 
E, Smith CA, Erb H, Lewis RM, 1985, 24-hour urine proteinforeacinine ratio in dogs with protein-losing 
nephropathies- J Am Vet Med Assoc 187:820-824. 

* Protein method: trichloroacetic acid protein method. 

b Creatinine method; alkaline picric acid. 

1 Protein method: Coomassie brilliant blue, 

* Number in parentheses is the number of dogs in the study group, 

* Dogs with or suspected of having ei ther prerenal or posrrenal proteinuria were excluded from the studies, 

r The dog with a protein loss of 7.5 mg/kg was included in the proteinuric group because it had a glomeru- 
lonephritis and its (ProtiCrt)^ ratio was increased (0.471. 


c. Dogs with glomerular proteinuria; (Prot:Crt) u ratio > 1,0. (Note: Other forms of 
proteinuria could give similar results bur they were excluded from the cited studies.) 
3* (ProcCrt) H ratios were not influenced by collection period (day or night) or gender of 
, animal 

C, Diagnostic significance of increased (Prot:Crt) u ratio 

h (Prot:Crt) 0 ratio should be increased in any animal with proteinuria, including prere- 
nal (overflow), glomerular, tubular, and inflammatory /hemorrhagic proteinurias. 
Other clinical information is used to differentiate the proteinurias (see Chemical 
examination of urine, 111 above). 

2, Glomerular proteinurias tend to be more severe and cause hypoalbuminemia or 
hypoproteinemia. However, earlier stages of glomerular damage may cause only mild 
proteinuria. 

D, Estimated (Proi:Crt) u ratio 

1. A semiquant native method of estimating a (ProtiCrt)^ ratio is available ( Pecsrix® 8 
reagent strips), 

2, Unt il critical studies are available that assess the predictive values of the system with 
veterinary samp les> the method probably should be considered to be another subjec- 
tive assessment of urinary protein excretion and similar to interpreting the relation- 
ship between urine protein concentration and USG Id -, 

E, Comparison of urine protein concentration to urine fCrc] reduces the variability due to 
the amount of H .0 excreted by kidneys. If all else is equal, renal conservation of H .O 
will cause a proportional increase in urine protein and Crc concentrations. Similar infor- 
mation could, be obtained for less expense by dividing the urine protein concentration by 
a factor derived from USG Ic r (such as the Inst two digits or USG^-- 1), 

V. Fractional excretion (EE,) ratios or percentages 

A, Theory 

1 , In a random urine sample, the EE, of substance X will reflect the relative rate of uri- 
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nary excretion of substance X compared to Crt. If substance X passes freely through 
the glomerular filtration barrier and a neither secreted nor resorbed (like Crt), the EE. 
would be 1.0. If some of substance X were resorbed after freely entering the filtrate, 
the RE. would be < 1,0, Therefore, for solutes that freely pass the glomerular filtration 
barrier (e.g., electrolytes), EE, is the fraction of the solute entering the filtrate or tubu- 
lar fluid that is ultimately excreted. Substance X can be an electro lyre, an enzyme, or 
another solute. For the derivation of the RE, formula (Eq* 8.7), substance X is Na\ 

[Na*] 

x volume u + time + hw 

Urinary Na* excretion rate [Na* ]. 

Urinary creatinine excretion rate [Crt] , . . (8*7.) 

X volume + rime + bw 

[Crt], 

For a randomly collected urine sample: 

* Urine volume, rime the urine formed, and the body weight values are the 
same in both formulas and thus cancel out. 

* Serum [Na + ] and (Crt 1 will probably be nearly the same but can vary* 

* Urine INa # ] and [Crt] are expected to vary because of multiple factors. 

Considering these factors, the relative rates of Na* and Crt urinary excretion 

can be expressed as follows: 


[Na*] u 


Urinary NT excretion |Na*] s [Na + I u [Crt| A 

" [Na : ) X IC< 


Urinary creatinine excretion |Crtj 


[Crt] 


Therefore, fractional excretion of Na' = F.E. Na* — 


[Na 


[Crt] 


[Na*), [Cirri,, 


Or expressed as a percentage, percent excretion of NT = x x 100 

[Na*], [C< 


2* A major advantage of the EE, study over a 24 -hr excretion study is that the assess- 
ment cart be done on a random single urine sample* However, the urine and serum 
(or plasma) samples for the assessment should be collected near the same time, 

B* Interpret ive concepts 

1* An EE. ratio provides the relative rate of excretion of an analyte compared to Crt. 
For a F.E. ratio to accurately reflect the 24-hr urinary excretion of an analyte, Crt 
excretion needs to be WR1 and relatively constant. 

2. An increased F.E. ratio may reflect increased urinary excretion of an analyte. 

a. Plasma analyte concentrations are increased (resulting in increased filtered load) 
and the kidneys are attempting to excrete the excess; this may occur with 
increased dietary intake of the analyte. 

b. Increased tubular secretion of the analyte 

c. Decreased tubular resorption of the analyte 

3. Decreased RE. ratio of an analyte may result front the opposite processes. 
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a. Plasma analyte concentrations are decreased (resulting in decreased filtered load) 
and the kidneys are at templing to conserve the analyte; this may occur with 
decreased dietary intake of the analyte. 

b. Decreased tubular secretion of the analyte 

c. Increased tubular resorption of the analyte 

4. An increased EE, ratio may also occur with a decreased Crt excretion. 

a. Art increased RE. of K* would occur if the renal excretion of K + is maintained 
through secretion of K* but Crt excretion is decreased. 

b. An increased F.E. of P0 4 may be due to decreased GFR (thus less filtration of Crt 
and PCX,) and decreased tubular resorption of filtered P0 4 because of increased 
PTH activity. 

C. Clinical uses of fractional excretion studies 

1, F.E. of MV 

a. In a hyponacremic animal, an Increased EE. of Na f indicates that renal excretion 
of Na + is contributing to the hyponatremia. Such a process may reflect decreased 
aldosterone activity, increased AMR or renal tubular disease. 

b. In a hyponaircrnic animal, a decreased EE, of Na 4 indicates that extrartnal factors 
are causing the hyponatremia and the kidneys are attempting to conserve Na* 
through the actions of aldosterone, angiotensin II, or ADEL 

c. RE. of Na* increases in renal failure and decreases with pretend azotemia, while 
GFR is decreased in both conditions, 

2, EE. of PO, 

a. In a hypocalcemic animal, an increased EE. of PCX, suggests increased PTH activ- 
ity as may occur with nutritional or renal secondary hyperparathyroidism. 

b. In a hypocalcemic animal, a decreased F.E. of P0 4 suggests that decreased PTH 
activity may be contributing to the hypocalcemic state. 

c. In a patient with hypercalcemia due to primary hyperparathyroidism, the F.E. of 
PCX is increased, 

3, F.E. of GGT 

a. GGT is part of renal tubular cell membranes and thus more GGT is excreted in 
urine when there is renal tubular cell damage. GG I' activity in a random urine 
sample may or may not be increased with renal tubular disease. GGT activity 
should reflect the GGT concentration in the urine, which is determined by rela- 
tive amounts of GGT and PRO in the urine. Thus, dilute urine would be expect- 
ed to have lower GGT activity than concentrated urine, 

b. An increased EE. of GGT indicates active renal tubular damage or necrosis; it 
does not determine if there is or is not renal i nsuffiden cy/fsulu re* and it is not a 
reflection of GFR, 60 

D, F.E. studies are not commonly used in veterinary medicine because information obtained 
may not be required for diagnosis and case management. Also, appropriate reference 
intervals are difficult to obtain for each species, especially when one considers that sepa- 
rate reference intervals may be needed for different assay systems and different diets. 

H 2 0 DEPRIVATION AND ANTI DIURETIC HORMONE (ADH) RESPONSE TESTS IN 
ANIMALS WITH POLYURIA/POLYDIPSIA (PU/PD) 

I. Renal concentrating ability is assessed in a routine urinalysis by determining the USG rei , 

Typically, the USG rtl value along with other case information (historical and physical find- 


ings, other laboratory data} allows the veterinarian to identify the probable causes of a 
PU/PD disorder (see Table 8.7), When a more critical assessment of renal concentrating 
ability is needed and especially if central diabetes insipidus is suspected, either H : 0 de- 
privation or ADH response tests may be considered. Because interpretation guidelines may 
differ when specific aspects of the challenges vary* the following provides the major general 
concepts. Reference articles or texts should be consulted for specific interpretation guide- 
lines* 

0, Abrupt H>0 deprivation test 34 

A, General concepts 

I. The basic purpose is to assess the ability of the kidneys to concentrate the ultrafiltrate 
by inducing an abrupt stimulus (hypovolemia or hyperosmolality) for renal H : 0 
retention. The test may be used to evaluate the undiagnosed PU/PD patient that 
consistently has urine with USG^f < 1,020* 

2* The test is contraindicated in azotemic animals (or those known to have decreased 
GFR) or in dehydrated patients (already challenged to concentrate). The procedure 
can be dangerous in severe PU states, because the animal can quickly become severely 
hypovolemic. 

B, Basics of procedure 

1, Baseline information is collected and may include body weight* USG rrfl urine and 
serum osmolality, or serum [Na*]. 

2, Access to HU0 is abruptly removed* animal is monitored, and findings are compared 
with baseline information until findings indicate one of the following: 

a. Animal becomes dangerously dehydrated, 

b. Kidneys can concentrate urine. 

c. Animal was adequately challenged and its kidneys did not adequately concentrate 
urine. 

C, Basic interpretations 

L If the animal demonstrates ability to concentrate urine (exceeds USG ief or urine 
osmolality criteria), the PU/PD state is a primary PD disorder, 

2, If the animal does not demonstrate ability to concentrate urine, several possibilities 
exist. 

a. Procedure had to be halted before renal concentrating mechanisms produced con- 
cent rated urine. 

b. Secondary medullary hypotonic icy (medullary washout) may be present due to 
persistent polyuria from a variety of disorders, 

c. A disorder that causes nephrogenic diabetes insipidus is present. 

d. Central diabetes insipidus is present, 

III. Gradual HjO deprivation test 14 

A. Purpose, indications, and contraindications are the same as for the abrupt HiO depriva- 
tion test. The gradual H ; 0 deprivation test is indicated if medullaty washout from pro- 
longed PU is expected or if there is failure to concentrate after abrupt H 2 0 deprivation. 
The gradual decrease in H 2 0 intake will allow the kidneys to re-establish a medullary 
concentration gradient. It tends to be a less dangerous procedure in severely PU animals 
but animals still must be thoroughly monitored for development of dehydration. 

B. The major difference between the gradual and the abrupt procedures is that HUO intake 
and urine output are measured and recorded over 2-3 or more days. Then, HVO avail- 
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ability is decreased by 10% each day Like the abrupt test, ihe animal must be monitored 
for evidence of dangerous dehydration and ability so concentrate urine. 

C. Advantages of the gradual H 2 0 deprivation are that ii tends to be less dangerous and 
allows time for re-establishment of medullary hypertonicity. The major disadvantage is 
the time requirement; it may rake over a week to complete ihe test. 

IV. ADH (vasopressin) response test 14 

A. The basic purposes are to assess the ability of the kidneys to respond to exogenous ADM 
and to confirm a complete or partial absence of ADH (diabetes insipidus) in a PLJ/PD 
patient. Ir may be more justified when H ; 0 deprivation does not cause urine concentra- 
tion, 

B. Basics of procedure 

! „ MX) access is ad libitum during the study, 

2. After administration of aqueous vasopressin or DDAVR renal concentrating ability is 
assessed by measuring USG^or urine osmolality, 

C. Expected findings 

1 . Central diabetes insipidus: Kidneys did not concentrate urine during H 3 0 depriva- 
tion but did when stimulated by exogenous ADH. 

2. Nephrogenic diabetes insipidus: Kidneys did not concentrate urine during H 2 0 dep- 
rivation or after stimulation by exogenous ADH; same results may occur with 
"'medullary washout “ due to any primary PU or PD disorder 

V. Modified HX) deprivation test* • 

A, Combination of H,0 deprivation test and ADH response test 

R. Procedure 

1 . Abruptly deprive animal of H 2 0, then measure urine osmolality hourly until there is 
less than 5% increase in urine osmolality between consecutive hourly samples. 

2, ADH administered and urine collected 1 hr postinjection 

C. Expected results 

L Healthy dogs; urine osmolality after H 2 0 deprivation > 1000 mosmol/kg; 0% 
increase in urine osmolality after ADH administration 

2. Partial central diabetes insipidus and partial renal diabetes insipidus cases {including 
dogs with hyper adrenoco rric ism) : urine osmolality after H 3 0 deprivation < 600 
mosmol/kg; 20%-50% increase in urine osmolality after ADH administration 

3. Central diabetes insipidus cases: urine osmolality after H 2 0 deprivation < 300 
mosmol/kg; > 100% increase in urine osmolality after ADH administration 
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D. Electrolytes and H>0 are excreted or lost from the ECF via kidneys, alimentary tract, 
skin, and airways. ECF tends to become hypotonic with loss of hypertonic fluids or 
hypertonic with loss of hypotonic fluids. Drinking H 2 0 after the loss of ECF will dilute 
the remaining ECF. 

E. HC(_V concentrations are altered by changes in the concentrations of other electrolytes 
and by changes in acid- base balance, 

ill. Abnormal electrolyte concentrations in plasma or serum result from one or more of these 

basic processes involving electrolytes or FFQ. 

A. Decreased or increased intake 

B. Shifts to and from JCF 

C. Increased renal retention 

D. Increased loss via kidneys* alimentary tract* skin, or airways (HC0 3 indirectly) 
SODIUM (Na*) CONCENTRATION 


I. Physiologic processes 

A. Serum [Na*] is nearly equivalent to ECF [Na 4 ], which is dependent on the ratio of 
ibNa* to- tbFI/3 (Eqs. 9,l,a-9.1.c), Therefore, scrum [Na 4 ] must be interpreted with 
knowledge of the patient’s tbHVO (be., state of hydration) and consideration of the 
patient's ECF volume (i.e., normovolemic* hypovolemic* or hypervolemic). 


Normonatremu => normal 

tbNa ' 


tbNa* no rmal T X 

=> - or q- or -p 

tbH>0 normal T -l 


Hyp 


crnairemia 


•t 


tbHjO 


Hyponatremia =>X — 


tbNa ' 


normal 

X 


or 


normal 

T~ 


or 


rhH jO normal 


normal 
or — x — or 


X 

XX 

u 


T 


(9. La.) 


(9.1. b.) 


(9T.c.) 


B. Movement of Na 4 frequently is associated with movement of H 2 0 in response ro Na*- 
induccd changes in osmotic pressure; Na* retention tends to cause H 2 0 retention 
(edema, ascites) and Na 4 wasting tends to cause loss of H : 0 (hypovolemia, dehydration). 
However, H,0 does not follow Na 4 across tubular cel! membranes of the distal nephron 
in the absence of ADH or across membranes of the ascending limb of the loop of 

He rile. 

C. Serum [Na 4 ] is controlled through two major mechanisms: regulation of blood volume 
and regulat ion of plasma osmolality. 

1 . Regulation of b lood vo I ume 

a. If hypovolemia is sensed by the kidneys (decreased effective blood volume), the 
RAS is activated, which promotes formation of angiotensin II in lungs and 
aldosterone in adrenal cortices. Angiotensin 11 stimulate* the proximal tubular 
resorption of Na*, Cl', and H 2 0 Aldosterone stimulates the active resorption of 
Na* in collecting tubules by opening Na* channels, enhancing Na + -KTATPase 
activity, and opening luminal K + channels. Its actions are probably mediated 
through aldosterone- induced proteins (Na + - K + -ATPase may be one of the 
proteins). 
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b. [f hypovolemia is delected by carotid sinus baro receptors, ADH secretion 
occurs. 

c, If hypervolemia is sensed by arrial baroreceprors, Na + resorption in the distal 
nephron is reduced through the action of ANP, which reduces the number of 
open Na 4 channels via the guanyiate cyclase pathway. 

2* Regulation of plasoia osmolality 

a. If hyperosmoklicy is sensed by hypothalamic osmoreceptors, thirst centers are 
stimulated to promote H 2 0 intake and ADH is released to promote H 2 0 resorp- 
tion by the kidney In a relatively minor role* ADH stimulates Na* and Cl" 
resorption in the medullary thick limb through the Na 4 -K*-2CL carrier. 

b. Conversely, hypoosmolality leads to decreased H >0 intake and increased urinary 
HjO excretion, 

D. Ma + and CJ‘ resorption in the distal nephron also involves an aldosterone- independent 

Na 4 -Cl' cotransporter, a process in which increased Na 4 delivery to the distal nephron 

results in increased resorption. Thiazide diuretics block this cotransporter by binding to 

the Cl" receptor. 

E. The pathologic state of dehydration is equivalent to decreased ibH 3 0. 

1. Dehydrated animals have either a H,0 deficit or a H 2 Q and Na + deficit. 

a. Causes of H >0 deficit (without Na 4 deficit) include decreased H,0 intake, free- 
H 2 0 loss (central diabetes insipidus, nephrogenic diabetes insipidus), and insensi- 
ble respiratory losses, 

b. Causes of FLO and Na* deficits include alimentary losses (vomiting, diarrhea, 
sequestration, or excessive salivation), renal losses (most poly uric states)* and cuta- 
neous losses (sweating), 

2. Types of dehydration 

a, Hypernarremic, hyperosmolar or hypertonic dehydration is caused by net hypoos- 
molar or hypotonic fluid loss: i.e M HLO loss > Na 4 loss, 

b. Normonatremic, Ksoosmolar, or isotonic dehydration ls caused by net isoosmolar 
or isotonic fluid loss: i,e„ H>0 loss - Na 4 loss. 

c Hyppnatremic, hypoosmolar, or hypotonic dehydration is caused by net hyperos- 
molar or hypertonic fluid loss: Le, t H 2 0 loss < Na + loss, 

II. Analytical concepts 

A. Terms and units 

1 . Assays measure the electrical potential of Na + (potentiometry) or [Na 4 ] (flame pho- 
tometry) in plasma or serum; then the electrical potential is converted to concentra- 
tion units, The Na* is a free ion in the plasma or serum H/X 

2. Unit conversion: mEq/L X 1 = mmol/L; mg/dL ^ 2.3 ■ mmol/L (SI unit, nearest 
1 mmol/L ) 1 

B. Sample for [Na*] quantitation 

1. Serum is preferred; [N» + ] is stable for months if the sample does not dehydrate, 

2. Na 2 EDTA plasma should not be used because the anticoagulant's Na* will be in the 
plasma. The amount ot Na 4 in Na- heparin is too small to cause clinically relevant 
changes in heparinized plasma [Na f ]. 

C. .Assays 

L loo-selective electrode assays are the most common. 

2 . Flame photometers for measuring [Na*] used to be the gold standard but the bistro* 
men is are essentially obsolete. 
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Table 9.2. Diseases and conditions that cause hypernatremia 

H 2 0-dcficit group (decreased total body H 2 0) 

Inadequate HjO intake 
“EDO deprivation 

Defective thirst response (hypothalamic defect) 

Pure H.O loss (without adequate H 2 0 replacement) 

"Insensible loss: panting, hyperventilation, or fever 
Diabetes insipidus (central or nephrogenic) 

H>0 loss > Ma + loss 
Renal: osmotic diuresis 

Alimentary: osmotic diarrhea, osmotic sequestration, or phosphate enemas 
Na*' -excess group (increased total body Na*) 

Excess Na 4 with concurrent restricted HvO intake 
Salt poisoning 

Administration of hypertonic saline or sodium bicarbonate 
Decreased renal excretion of sodium 
Hype.raldosteroni.sni 
Other or unknown mechanism 

Severe exercise in greyhounds 

Note: Sample evaporation or sublimation will cause spurious hypernatremia. 


111, Hypernatremia 

A. Hypernatremia occurs when the ratio of tbNa + to tbH 2 0 is increased (Eq, $U,b). It also 
may occur with the shifting of H,G from ECF to ICE 

B, Disorders and pathogeneses (Table 9,2) 

1* H jO-deficit group (decreased tbH 2 0): Dehydration may cause hypernatremia direct- 
ly via bemoconcent ration (pure H,0 loss) and indirectly by activating the RAS, 
which stimulates renal Na* retention via actions of aldosterone and angiotensin 1L 
In most nephron segments, Na 4 resorption promotes H 2 0 resorption. Bur since the 
distal nephron is permeable to H >0 only in the presence of ADH t Na + retention 
without sufficient ADH activity results in hypernatremia. 

a. Inadequate HA) intake 

(1) H 2 0 deprivation: Restricted access to H 2 C) may occur because of accidents 
(H jO bowl turned over on a hoc day), weather (frozen H >0 tank)* or other 
situations. Without H 2 0 intake, physiologic H>0 losses via kidneys, lungs, 
skin, or intestine may produce dehydration. 

(2) Defective thirst response: Hypothalamic disease may damage the osmore- 
ceptor that triggers a thirst response or the thirst center itself may be 
damaged. 

b. Pure H>0 loss without H-,0 replacement 

(1) Insensible loss of H 2 G by panting, hyperventilation, or feven The animal 
becomes H 2 0-depleted by losing H ; 0 via the respiratory system or skin. 

(2) Diabetes insipidus (central or nephrogenic) 

(a) In the diabetes insipidus disorders* diminished ADH activity or response 
in the collecting ducts may result in pure EDO loss (i.e., urine with 
very low concentrations of Na 4 and other solutes; U5G ref approaches 
1 , 000 ). 
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(b) Animals with diabetes insipidus that have unrestricted access to H-.0 may 
drink sufficiently to prevent the hypernarremia. 
c. HjO loss > Na* loss 

(1) Osmotic diuretic agents (eg., glucose, mannitol) in renal tubular Hu id inhibit 
passive H ? 0 resorption. 

(2) In the alimentary system, 

(a) Accumulation of osmotic agents (as occurs in some diarrheas) will inhibit 
HtO absorption. 

(b) A phosphate enema will pull HyO from ECF spaces to the colon; there 
may be a concurrent colonic absorption of Na 4 that augments the hyper- 
natremia. - 

(c) In ruminal acidosis (grain overload), accumulation of solutes (including 
lactic add) in the rumen, causes the osmotic movement of H 2 C into the 
rumen to produce hypernatremia. 3 

(3) The H 2 0 that mows during osmosis contains a small amount ol Na f because 
of solute drag, but the net result is greater loss of H 2 0 than Na* and thus 
hypernatremia occurs. 

(4) Unrestricted access to HbG may prevent this hypernatremia from occurring. 
Also, other processes in such cases (e.g,., ketosis) may increase renal Na* loss 
and counteract hypematiemic tendencies. 

2. Na + -e*cess group (increased tbNa 4 ) 

a. Excess Na* with concurrent restricted H 2 Q intake (rare) 

(1) Salt poisoning: Cattle with, excessive Na* (and Q" intake) and with concur- 
rent restricted access to H>Q may develop an increased tbNa + (and tbCI) and 
thus hypernatremia (and hyperchloremia). Extreme hypernatremia and hyper- 
chloremia occurred in a dog that ingested a salt-flour mixture that was used 
as modeling clay. 4 

(2) Administration of hypertonic saline or sodium bicarbonate can lead to 
increased tbNa + content and thus hypernatremia (and hyperchloremia or 
increased HCQy). 

b. Decreased renal excretion of sodium (hypeialdosteroitlsm) (rare) 

(1) Excessive aldosterone promotes excessive renal Na* (and Cl") retention. 

(2) Hypernatremia (and hyperchloremia) may occur if there is H : 0 restriction or 
defective ADH activity. 

3. Other or unknown mechanisms 

a. Severe exercise (racing greyhounds): 3 " 7 During and immediately after a race, [Na 4 ] 
in plasma may be 10-20 mmol/L above prerace concentrations. There is a con- 
current hypovolemia and lactic acidosis, thus the hypernatremia may he due to 
shifting of HyO from ECF to ICE The accumulation of lactate in muscle fibers 
may create the osmotic gradient.' 1 

b. Sample dehydration: Exposure of serum or plasma to air may allow evaporation 
that results in hypernatremia. This is especially true of air-conditioning systems 
that blow cool dry air over the sample processing or analysis areas. Sublimation of 
HyO from frozen samples may result in hypernatremia. 

IV. Normonatremia in dehydrated or edematous animals 

A. Normonatremia does not necessarily indicate that Na* balance is normal (Eq. 9J.a). 
Recognizing the possibility of altered Na + regulation in normonatremic animals is impor- 
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Table 93 . Diseases and conditions that cause norm on a trend a in dehydrated nr 
edematous animals 

Net loss of isotonic fluids causing dehydration 

” Alimentary losses: vomiting, diarrhea, sequestration 
"Renal losses: renal disease, osmotic diuresis, diuretics 
Skin loss: sweating in horses 

Net retention of isotonic fluids causing edema or transudate 
^Congestive heart: failure 
"Hepatic cirrhosis 
* Nephrotic syndrome 


tint in the management and treatment of these cases (i.e., do you need to administer 
Na + or restrict Na* intake?}* 

B, Disorders and pathogeneses (Table 9,5) 

L Net loss of isotonic fluids causing dehydration 

a- Alimentary loss of isotonic fluid may occur with vomiting, diarrhea, or sequestra- 
tion. 

b. Renal loss of Na* and HUO may occur in several situations. 

( 1) Many pojyuric renal diseases cause Na* and HbO loss because of defective 
tubular functions, 

(2) Osmotic diuresis causes impaired resorption of H>0 in tubules. A high tubu- 
lar flow fate also contributes to Na + loss.. 

(3) Most diuretic agents (furasemide, thiazides) cause a loss of Na* and H 2 O p 
both through interfering with Cl" resorption. 

c. Cutaneous loss in horses: (Na*] in sweat is about the same as (Na*] in serum or 
plasma. Thus, profuse sweating without increased H 2 0 intake could cause nor- 
ma natrem ic dehydration. 

2, Net retention of isotonic fluids causing edema or transudate. {Note: Edematous dis- 
orders. may create either normonatremia or hyponatremia, depending on the relative 
retention of Na* and H XX) 

a. Congestive heart failure (due to valvular disease or cardiomyopathies) 

(1) “Forward" hypothesis: Cardiac disease causes decreased cardiac output, which 
is sensed by barorecepmrs as decreased effective blood volume,, and thus there 
is stimulation of the sympathetic nervous system and the RAS. If these 
responses do not re-establish the effective blood volume, continued activation 
of RAS promotes renal resorption of Na* and Cl', which increases plasma 
osmolality. Hyperosmolality stimulates release of ADH .and the thirst center, 
which may cause retention of 1 1X3 and increased blood volume. If the hyper- 
volemia increases venous hydrostatic pressure sufficiently it promotes move- 
ment of HAT to extra vascular spaces and thus formation of edema (pub 
monary or dependent) or accumulation of H,0 in pleural or peritoneal cavi- 
ties (transudation), 

(2) Retention of Na* and H ? 0 is a compensatory process that helps maintain an 
effective blood volume, II not achieved, the hypovolemic stimulus may pro- 
mote thirst and thus increased H 2 0 intake. Mammals with a cardiac disease 
that causes decreased cardiac output will have increased tbNa* and tbH,0 
even without clinical edema. 
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\x Hepatic cirrhosis with abdominal transudation 

(1) Three theories (underfilling, overflow, and peripheral arterial vasodilation) 
attempt to explain the peritonea] transudation that occurs with hepatic dr- 
rho.sk 9,10 

(a) In the underfilling theory, the initiating event is the loss of plasma H >0 
caused by increased hydrostatic pressure in hepatic sinusoids (caused by 
fibrosis or venous congestion} and loss of protein -rich plasma into the 
space of Dissc (sinusoids arc highly permeable to albumin). This causes 
splanchnic pooling of blood and loss of H>0 across the hepatic capsule 
to the peritoneal cavity and thus "underfilling” of vascular spaces,. 
Movement of fluid from vessels results in a decreased effective blood 
volume* which activates the RAS, stimulates release of aldosterone, pro- 
motes retention of Na\ and subsequently H 2 0, The expanded blood vol- 
ume accentuates vascular hydrostatic pressures and thus promotes more 
loss of plasma H 2 0 and more attempts to compensate. At the time of 
clinical transudation, the animal will have increased tbNa* and tbHnQ, 
increased concentrations of renin* norepinephrine, and ADH, and 
reduced renal excretion of Na\ 

(b) In the overflow theory* the initiating event is renal retention of Na 4 and 
H O due to poorly understood factors. 

(c) In the peripheral arterial vasodilation theory* peripheral vasodilation cre- 
ates a decreased effective blood volume* which activates the RA$. This 
leads to increased hydrostatic pressures in hepatic sinusoids, which leads 
to transudation, 

(2) Hypoalbuminemia and hypoprotcinemia play secondary roles in the ascites 
formation. 

(a) In health, plasma proteins create colloidal osmotic (oncotic) pressure 
(about 80% from albumin and 20% from globulins) that helps retain 
H,0 in vessels that are not permeable to proteins. When hypoproteine- 
mia is present with hepatic cirrhosis, the increases in vascular hydrostatic 
pressure have more effect in promoting movement of H 2 0 from some 
vessels (hepatic or pulmonary) to extra vascular spaces. 

(b) Hypoalbuminemia alone will not cause the transudation. People with 
analbuminemia may have mild dependent edema hut they do not have 
generalized transudation because of compensatory processes (increased 
globulins, altered capillary hydrostatic pressure, altered renal blood 
flow). 11 13 Also* hepatic sinusoids are freely permeable to albumin and 
H : 0 and thus movement of plasma H 2 0 out of the sinusoids occurs in 
either the presence or absence of hypoalbuminemia. 

C Nephrotic syndrome (protein -losing nephropathy that leads to abdominal transu* 

dation) 31 * 

(!) Pathogenesis of Na* and H*0 retention is not established but involves several 
processes: increased activity of the RA5* decreased renal responsiveness to 
ANP, decreased protein concentration, inappropriate neural reflexes involving 
the kidneys, and glomerular disease. 

(2) If the renal disease also causes loss of tubular functions, the kidneys have less 
ability to retain Na* and H : Q and thus the edematous state may not develop 
in some cases of prorein- losing nephropathy. 
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Table 9.4. Diseases and conditions chat cause h yponatremia 

Na*-dcfidt group: net Na + loss > HiO loss (loss of Na + -containmg fluid followed by increased 
H 2 0 intake) 

"Alimentary loss: vomiting, diarrhea, sequestration, canine whipworm infection, excess 
salivation 

"Renal loss: hypoadrenocorticism , prolonged diuresis, ketonuria, NT-wasting nephropathies 
Cutaneous loss: sweating in horses 

Third-space loss: acute hemorrhage, acute exudation, repeated drainage of chylous effusion 
H 2 0 -excess groups (with or without edema) 

Edematous disorders 

"Congestive heart fit i lure 
"Hepatic cirrhosis 
"Nephrotic syndrome 

Expanded ECF volume (but without edema) 

S1ADH 

Excess administration of NT- poor fluids 
Shifting of H 2 0 from ICE to ECF 
* Hyperglycemia 
Mannitol infusion (IV) 

Shifting ofNT from ECF to ICF 
Acute muscle damage 

Shifting ofNa* from intravascular to extra vascular fluid 
Uroperitoneum 

AW; I^udohyponatremia may be caused by displacement of serum or plasma H,0 (see text). 


V. Hyponatremia 

A, Hyponatremia typically occurs when the ratio of tbNa* to tbH 2 D is decreased (Eq. 

9.1.c); it may also occur with shifting of H : Q from ICF to ECE 

B. Disorders and pathogeneses (Table 9.4) 

1. Na* -deficit group: net Na + loss > H s O loss. (In the following disorders, (Na 4 J in lost 
fluid is usually not greater than plasma [Na*J, hut loss of Na* -containing fluid fol- 
lowed by drinking of H>0 may result in hyponatremia.) 

a. Alimentary loss of Na ^-containing H>0 may occur with vomiting, diarrhea, 
sequestration, and excess salivation, and in canine whipworm infections. For these 
conditions to cause hyponatremia, there probably is a loss of isotonic ECF fol- 
lowed by drinking H 3 Q and renal FTO retention (ADH response) that results in 
a dilution of remaining plasma Na + . 

b. Renal loss 

(1) Hypoadrenocorticism: 6 Adrenal insufficiency causes a decreased aldosterone 
concentration, which causes less resorption of Na* and subsequently Cl' by 
the renal principal cells. Decreased Na + and Cl" resorption leads to decreased 
plasma osmolality and decreased renal medullary hypermnicity. The latter 
leads to a decreased ability to resorb H 2 (X so hypovolemia ensues. 
Hypovolemia stimulates ADH release and thirst centers. Increased ADH 
activity and increased H 3 0 intake lead to dilution of ECF Na + and thus 
hyponatremia (and hypoch Intern ia}. With concurrent hypochloremia* the 
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resulting hypoosmolality tends to reduce ADH secret ton, Hy pocor t iso lem i a, 
of adrenal insufficiency also contributes to the hyponatremia but the mecha- 
nism is not established, Hypocortisolemia promotes the hypothalamic release 
of ADH (multiple theories), which results in a defective excretion of HnO 
(retain H,G in the presence of hypoosmolality) and a dilut tonal hypona- 
tremia. 14 In people with hypoaJdosteronism and lack of hypocortisolemia, 
normonatrtmia is maintained by enhanced tubular resorption of Na* 
caused by increased angiotensin H, decreased ANP, and enhanced passive 
resorption A 

(2) Prolonged diuresis 

(a) Prolonged osmotic (crystalloid solutions) 1 * 1 or other forms of diuresis 
(furosemide) 16 tend to cause depletion of Na* and H yO, hypovolemia,, 
and stimulation of ADH release and thirst centers. H^O drinking tends 
to dilute the Na* in the ECF and thus cause hyponatremia. 

(b) Thiazide diuretics cause Na*, Cl\ and K* loss in excess of H >Q loss and 
thus hyponatremia, hypochloremia, and hypokalemia may develop. 
Urinary Na* and O' loss is increased because thiazides inhibit a Na + -Cl" 
cottansporter in distal nephrons. Urinary K* loss is increased because of 
an increased flow rate in distal nephrons and hypovolemia- induced 
release of aldosterone, which opens K* channels. The hypovolemia also 
stimulates ADH release r which promotes free-HiO resorption and thus 
dilution of the remaining Na\ CP, and K*. 

(3) Ketonuria 

fa) During ketonuria, there is increased excretion of ketone bodies (acetoac- 
etaie and fJ-hydroxyburyrate). The presence of these nonabsorbable 
anions in the tubular lumen obligates the excretion of cations and thus 
increased renal excretion of NV. 

(b) Concurrent osmotic diuresis (from glucosuria) may compound the Na* 
loss associated with ketonuria in patients with diabetes mellirus. 

(4) Na* -wasting nephropathies; Some renal diseases (especially tubular diseases Of 
pyelonephritis) cause an excess excretion of Na* because of decreased Na* 
resorption; this is seen more in horses than other domestic mammals. 

c. Cutaneous loss due to sweating 

(1) Among the domestic mammals, only the horse sweats sufficiently m cause 
electrolyte and HjO imbalances. 

(2) Equine sweat is a Na*-, K*> and CP- rich fluid (concentrations are greater 
than plasma concentrations but evaporation may contribute to the 
increases), 17 ' 1 ® Drinking of H ; 0 or the ADH -stimulated retention of H43 
after sweating may lead to dilurional hyponatremia. 

d« Third-space loss (typically loss to pleural or peritoneal cavity) 

(1) Repeated drainage of chylous thoracic effusions 

(a) Repeated removal of isotonic fluid from the thoracic cavity probably 
results in a Na*- and H 2 0-depleted state that is followed by intake of 
HX> and an ADH response to cause diluiionaJ hyponatremia. 1 ^ 

(b) This type of hyponatremia would probably result from repeated removal 
of other third-space fluid but such removal is not as common as it is for 
chylous effusions. 

(2) Acute internal hemorrhage or acure exudation 
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Na + in the coral plasma sample is less, and thus che measured |Na*] is 
decreased. 

(2) Indirect potentiometry: Ion -selective electrodes measure the Na* potential in 
substantially diluted serum or plasma samples. If excess solids are present in 
the plasma or serum, the amount of plasma H O in che diluted sample will 
be less than usual, so the measured electrolyte activity will be lower than il 
the same volume of sample with normal solids was diluted and tested. A 
back-calculation is [hen used to correct for the dilution, but the dilution fac- 
tor is based on the total volume of the plasma or serum used in the dilution, 
not on just its aqueous phase. Therefore, the back-calculation results in a 
falsely low value. 34 

h. Laboratories may measure serum or plasma lNa*| by direct potentiometry using 
ion-selective electrodes. Such assays do not require sample dilution so excess solids 
in the plasma do not affect them. The electrodes detect the Na* activity in che 
aqueous phase only. 

POTASSIUM (K 4 ) CONCENTRATION 
1, Physiologic processes 

A. Serum (K*j is nearly equivalent to ECF [K*], which is mostly dependent on rblC and 
movement of K + into and out of K*- rich cells in response to changes in acid- base status. 
Therefore, serum (K*J should be interpreted with consideration of acid-base status and 
potential variations in tbK* status. 

R. Most cells are rich in K + because of a Na^-K^-ATPase pump that constantly pumps K* 
into cells against a concentration gradient. 

C. Acidoses and alkaloses alter serum [K*j(Fig. 9.2). 

1 . Art inorganic or mineral acidosis (renal failure, some diarrheas) may cause hyper- 
kalemia because of the shitting of K* out of cells. 


Excess H* produced or 
loss H* removed 



Excess H* tost Excess K + tost 




Alkalosis due to 
excess H* toss 


Alkalosis due to 
excess K + loss 


F%, 9*2, H 4 and K. f shite in acid-base disorders. 

In an inorganic acidosis, there is an accumulation of H 4 in ECF. As H* shifts into cells to equilibrate con- 
centrations, K 4 shifts out of cells and enters plasma (hyperkalemia occurs) to maintain electrical neutrality/* 
In an organic acidosis, a hyperkalemia is not expected because additional factors influence plasma [1C]. In an 
alkalosis, there is a depletion of H* in ECF, As H + shifts out of cells to equilibrate concentrations, K* leaves 
the plasma and enters cells (hypokalemia occurs). Conversely, if K* depletion causes hypokalemia, K 4 shifts 
out of the cells and H 4 enters and thus lowers bioerd fH*] (alkalemia). 
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2. An organic acidosis (e.g., lactic acidosis and ketoacidosis) typically docs not cause 
hyperkalemia but the reasons may vary. 

a. if an anion (such as lactate or ketone body) enters the cells when H* enters the 
cell electroneutrality is maintained and thus K* does not need to leave the cell. 

b. Acidemia may promote the loss of K* from cells but the K + is excreted in urine 
with the organic anions (lactate, acetoacetate) that are also excreted during lactic 
and ketoacidosis, respectively. 

3. Treatment of an aridotic state may result in hypokalemia that reflects tbK + depletion 
in the animal. 

4. A metabolic alkalosis may result in mild hypokalemia. 

5. Respiratory acidoses and alkaloses are nor associated with altered serum [K*]. 8 maybe 
because other regulatory systems are still functional* 

D. If the acid-base status is normal, then serum or plasma IK*] tends to reflect ibK\ That is, 

hyperkalemia tends to occur with increased tbK\ and hypokalemia tends to occur with 

decreased tbK\ However* a K"* -depleted state may occur before hypokalemia develops. 2 * 

E. Regulation of plasma [K + ] occurs through two major processes: (1) distribution between 

ECF and ICE and (2) renal excretion. 

1. K* distribution between ECF and ICF 

a. Epinephrine and insulin promote the uptake of K* into cells through the action 
of a Na*“K*-ATPa5c pump. This effect of insulin h independent of its actions on 
glucose uptake, 

b. Hyperkalemia promotes the cellular uptake of K + ; hypokalemia promotes the loss 
of K 1 from cells. 

2. Renal excretion of K* 

a. Typically K* is resorbed before the renal tubular fluid reaches the distal nephron. 
Therefore. [K*j in tubular fluid entering the distal nephron is near zero. 

b. K 4 secretion occurs primarily in the principal cells of rhe collecting tubules (Fig. 
9.3). Aldosterone promotes this process by stimulating a Na*-K*-ATPase in the 
basolattral membrane and opening luminal K“ channels. Hyperkalemia and 
angiotensin II are the major stimulants of aldosterone secretion. ACTH and 
hyponatremia also stimulate aldosterone release. 3 

c. High flow rate of tubular fluid also promotes K + excretion because secreted K* is 
quickly washed away and thus does not inhibit the passive movement of K* from 
cells to tubular fluid. Conversely a low flow rate inhibits K' excretion, 

d. Resorption of Na 4 in the distal nephron (if not accompanied by Cl', e.g„ 
hypochloremic states) establishes an electrochemical gradient (tubular fluid more 
negative than cell) that promotes the secretion of fC\ 

3. K 4 is conserved by Type A intercalated cells of the distal nephron through H*-K*- 
ATPase pump activity when there is K + depletion (Fig. 9.4). 

4. ADH promotes K* secretion that counterbalances the reduced K* secretion that 
occurs with decreased urinary flow. The enhanced secretion prevents the hyper- 
kalemia that might result from dehydration -induced oliguria. 

5. Plasma [K + ] is also influenced by intestinal and cutaneous processes: absorption of 
dietary K* by the intestine, loss of K 4 via feces* and loss of K’ via sweat. 

El. Analytical concepts 

A. Terms and units 

1. Assays measure the electrical potential of K3 •( potent iometry) or [K + ] (flame photonv 
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Kg 93* Actions of aldosterone on principal epithelial cells in cortical collecting tubules, {(§> * ATPase pump) 
Aldosterone enters the principal cells and binds to receptor proteins. The aldosterone* receptor complex 
(Aldo-Rcptr) stimulates the synthesis of aldosterone 'induced proteins (AIP) that: may include components of 
Na*-K + -ATPasc pump and membrane channels for Na* and K\ Through the actions on the pump or chan- 
nels, aldosterone promotes the following: 

1. Na + is pumped from the cell to the peritubular fluid and the resulting luminabcel! gradient promotes the 
resorption of Na T through in opened NT channel. 

2. K* is pumped into the cell from the peritubular fluid and typically exits to the tubular fluid through an 
opened K* channel. When hypokalemia is present, K* may return to the peritubular fluid via an opened 
basolateral membrane channel (recycled), 

3. Typically, the Na^-KNAIPasc pump results in a net negative charge in the tubular fluid (3 Na + resorbed 
and 2 K, + ' secreted). The negative charge promotes the resorption of Cl" through a paracellular route. When 
there is less Cl" available (as occurs with hypochloremia), the negative charge promotes the retention of H* 
in the tubular fluid (the FT that passively leaves and re-enters the principal cells) and thus increases renal 
excretion of H\ 

The net result of aldosterone actions in health is the resorption of Nit + and Cl" and secretion of K2. In the 
presence of hypochloremic there is increased excretion of H*> which can promote aciduria or a metabolic 
alkalosis. 


city) in plasma, scrum, or whole blood; then electrical potential is converted to con- 
centration units. The K* is a free ion in the plasma or serum H ; 0. 

2, Unit conversion: mEq/L X 1 = mmol/L; mg/dL — 3,9 = mmol/L (SI unit, nearest 

0.1 mmol/L) 1 

0, Sample for [K + ] qua nutation 

L Serum is preferred; [K + ] is stable for months if the sample does not dehydrate, 

2, ICjEDTA should not be used as an anticoagulant for testing plasma [K + ] because rhe 
anticoagulant's potassium will be added to the plasma and be measured. 

C. Assays 

1. Ion -selective electrode assays are the most common. 

2. Flame photometers for measuring [K + ] used to be the gold standard but the instru- 
ments are essentially obsolete. 

Ilf Hyperkalemia 

A, Hyperkalemia typically occurs when there is decreased renal excretion of K + or a shift of 

K* from the I.CF to ECF; hyperkalemia may also occur with increased intake of K + or 
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% 9 A Secretion of H + by Type A intercalated cells of distal nephron, = AT rase pump, Q = coirans- 

porrer or counter transporter [antiporter] ) 

Aldosterone enters the Type A intercalated cells anti binds to receptor proteins. The aldosterone- receptor 
complex (Aldo-Rcptr) stimulates the synthesis of aldosterone-induced proteins (Alp) that may include com- 
ponents of HVATPasc pump. Through the actions of the pump,, which is more active during systemic 
acidemia, aldosterone causes the secretion of H + and formation of HCOjf through the following processes? 

1. H* released from the dissociation of H } 0 is pumped into the tubular lumen, 

2. OH' released front the dissociation of H»Q combines with COj in the presence of carbonic mbydrasc 
{CA) to form HCOj", which is exchanged for Cl" in the peritubular fluid, 

3. CY that enters the cell in the CI'-HCO,' exchanger is secreted into the tubular lumen to maintain electri- 
cal neutrality {balance the IT secretion). 

The net result if stimulated by acidemia or aldosterone is increased H* and Cl" excretion and increased 
HCOV in plasma. 

In an independent process but in the same cells, a H*-K*'ATPase promotes the resorption of K* and secre- 
tion of H*; this pump is more active when hypokalemia is present. Therefore, hypokalemia promotes 
increased H + excretion, HCOp production, and thus alkalosis. 


treatment with K% especially if there is renal compromise. If the acid-base status; is nor- 
mal, then serum ] Jt*] rends to reflect tbK\ 

B, Disorders and pathogeneses (Table 9.5) 

I. Shifting of K* from l€F to ECF 

a. Metabolic inorganic acidoses: shifting of K* out of cells when H* moves in (see 
l.C in this section) 

b. Massive tissue necrosis: release of K’-rich 1CF from dead cells;, seen with tumor 
necrosis and sometimes just prior to death 

c. Rhabdomyolysts or other muscle damage (release of K* from muscle fibers) 

(1) Acquired disorders: selenium deficiency, 31 malignant hyperthermia* 2 * seizures 

(2) Congenital disorders: stress or anesthetic-induced in dystrophin-deficient 
cats/ hyperlealemic periodic paralysis in quarter horses/ 4 and possibly hyper- 
kalemie periodic paralysis in a dog (serum [K*| was never documented above 
5 rmnol/L; serum |K + ] did increase from 3.9 mmol/L to 4.9 mrool/L after 
exercise) ^ 

d. Massive intravascular hemolysis in animals with K*-rich erythrocytes. English 
Springer Spaniels with phosphofructokinare deficiency have hyperkalemia concur- 
rent with their hemolytic episodes that may involve K>-rich young erythrocytes. ■ w 
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Table 9*5* Diseases and conditions that cause hyperkalemia ______ 

Shifting of K + from ICF to ECF (no change in total, body K*) 

* Metabolic acidoses due to accumulation of inorganic acids 

Massive tissue necrosis 

Rhabdomyolysis or other muscle damage 

Acquired, strenuous exercise, seizures, selenium deficiency 
Congenital: hyperkalemic periodic paralysis in quarter horses and perhaps dogs 
Massive intravascular hemolysis in some animals (see text) 

Increased total body K* 

Decreased renal excretion of K* 

"Renal insufficiency or failure (primarily oliguric or anuric) 

“Urinary tract obstruction or leakage into body 
Hy poa Jdostero n ism 

* Hypoadrenocorticism (Addisons disease) 

ACE inhibitors 

Trimethoprim-induced K‘ retention 
Increased intake 

Administration of K* -rich fluid 
Other or unknown mechanism 

Repeated drainage of chylous thoracic effusions 
Peritoneal effusion 

Note: Afro consider pseudohyperkalemia (see text), 
c. Pseudohyperkalemia 

(1) In vitro hemolysis or leakage of K* resulting from delayed removal of serum 
or plasma from erythrocytes 

(a) II the [k + ] in erythrocytes is greater than, the [K 8 ) in plasma, then loss of 
K* from erythrocytes may cause pseudo hyperkalemia The ratio of ery- 
throcyte [K + ] to plasma [K 1 ] varies between species and between breeds 
of dogs. 

(b) This form ol pseudo hyperkalemia may occur in horses/ 1 some dogs (e.g., 
Japanese Akita ^ and Japanese Shiba), and cattle. 

(c) Hemolysis is not expected to cause hyperkalemia in cats or other breeds 
of dogs, 

(2) Thrombocytosis-* 3 

(a) K* is released from platelets in the clotted blood sample; the released K + 
is part of the |K 4 , used to establish serum reference intervals. Without a 
thrombocytosis, serum |K f ] is about Q.3-0.5 mtnol/L higher than plasma 
[K 4 j from the same blood sample. 

(b) When there is a marked thrombocytosis (> 1,000,000/pi), more K* is 
added to the serum during clotting than normally occurs and thus the 
measured serum [K + ] may be increased. 

(3) Leakage of K + from leukemic cells 34 
2. Increased coral body K* 

a. Decreased renal excretion of K + 

(1) Renal insufficiency or failure (primarily oliguric or anuric; acute renal disease 
or the terminal stages of chromic renal disease) 
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not established but may be related to concurrent hyponatremia. In the presence of 
hyponatremia and hypovolemia, much of the filtrate Na + is resorbed in the proximal 
tubules and ascending loop of Henle. If Na* is not delivered to the distal nephron, 
less Na + is resorbed distally and thus less K 4 excretion occurs, 

4, Peritoneal effusions: Four cats with peritoneal effusions had hyperkalemias and cither 
mild or marked hyponatremias.* 1 * The effusions were due to abdominal card noma to* 
sis {one cat) and feline infectious peritonitis {two and possibly three cats; firm diag- 
nosis not made in the last cat). The hyperkalemia may be due to impaired renal 
excretion of K + because of decreased distal tubular flow rate and concurrent hypona- 
tremia, The hyponatremia was considered a dilutional hyponatremia that resulted 
from H 2 0 retention caused by stimulation of ADH release and thirst centers by a 
decreased effective blood volume, 

IV. Normokalemia in acidotic or alkalotic animals 

A. Normokalemia in an acidotic animal 

1 , Because inorganic acidemia is expected to increase serum [K + ], normokalemia in the 
presence of inorganic acidemia suggests the animal has a decreased tbK*. Therapeutic 
correction of the inorganic acidemia may lower the serum [ K* ] into the hypokalemic 
range. Disorders that may produce this pathophysiologic state include renal failure 
and some cases of diarrhea, 

2. As mentioned earlier, animals with an organic metabolic acidosis may not have a 
hyperkalemia because the K + -shift into cells is accompanied by an organic anion shift 
or there is increased renal excretion of K* because of the organic anion excretion, 

B. Normokalemia in an alkalotic animal 

1, Because alkalemia is expected to decrease serum [K'b normokalemia in the presence 
of alkalemia suggest the animal has an increased tbK*, Therapeutic correction of the 
alkalemia may raise the serum [K 4 ] into the hyperkalemic range, 

2, This combination of findings is not expected because disorders that cause metabolic 
alkalosis typically do not concurrently cause increased tbK 4 ,, 

V. Hypokalemia 

A, Hypokalemia typically occurs when there is a shift of K* from, the ECF to lCF t a 
decreased dietary intake of K\ or an increased K + loss via kidneys, alimentary tract, or 
skin. If the acid- base status is normal, then serum [K*] tends to reflect tbK*. 

B. Disorders and pathogeneses { Fable 9*6) 

L Shifting of K* from ECF to ICF 

a* Metabolic alkalosis: shifting of K* into cells when H + moves out (see I.C in this 
section). 

b. Increased, insulin activity: Insulin promotes the cellular uptake of fC% probably 
through the activation of a Na'-K^-Al'Pase. Administration of exogenous insulin 
or a sudden release of endogenous insulin after intravenous glucose administra- 
tion may cause hypokalemia, (Also see Ketonuria a few paragraphs below.) 

2, Decreased total body K 4 
a. Decreased K 4 intake 

(1) Because most diets are K*-rich, anorexia (or other reasons for not eating) can 
contribute to decreased tbK 4 . 

(2) The severity of hypokalemia will he enhanced if other processes are leading to 
K 4 loss or shifting to TCF, 
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Table 9.6. Diseases and conditions that cause hypokalemia 

Shifting of K* from ECF to ICF (no change in total body K*) 

Metabolic alkalosis 

Increased insulin activity (rapid increase) 

Decreased total body K* 

"Decreased K + intake: anorexia or other reasons for not eating 
Increased excretion of K + 

Increased renal loss 

"Increased fluid flow in distal nephron: osmotic, Na 1 -losing nephropathies, or 
therapeutic diuresis (including loop and thiazide diuretics) 

"Keronuria 

"Vomiting or sequestration of H* and Cl' causing hypochloremic metabolic alkalosis 
H y peraldostero n ism , pri mary 

“Increased alimentary loss: vomiting, diarrhea, sequestration 
Increased cutaneous loss: sweating in horses 
Other or unknown, mechanisms 
“Renal failure in cats 

Hypokalemic myopathy of Burmese kittens 

b, Increased excretion of K* 

(I) Increased renal loss 

(a) Increased tubular flow 

(i) Increased flow of fluid through the collecting tubules allows for 
increased excretion of K* from the tubular cells (rapid flushing of K* 
maintains a low tubular [K + ], which allows the passive movement of 
K* out of the cells), 

(ii) Pblyuric states that promote hypokalemia include glucosuria, Na*- 
losing nephropathies (pyelonephritis, tubular interstitial nephritis, 
possibly hypencalccmic nephropathy), and diuretic use (loop and 
thiazide), 

(b) Ketonuria 

(i) Acetoacctalc and fl- hydroxy butyrate (ketone bodies) are anions that 
are not resorbed in the tubules. Their negative charges add to the 
electrochemical gradient that promotes K* secretion, especially when 
there is concurrent stimulation of Na* resorption. 

(ii) Animals with kctoacidotic diabetes mellitus tend to be hypokalemic? 
however, the net K' balance is the result of multiple concurrent 
processes, 

(c) Vomiting or sequestration of H* and Cl* causing hypochloremic metabol- 
ic alkalosis (c.g,* displaced abomasum or other upper GI obstruction) 

(i) During, the development of this metabolic alkalosis, plasma [HCOf| 
may increase sufficiently that the tubular maximum for HCOy is 
exceeded and thus HC0 3 is presented to the distal nephron* Because 
HCOy Is not resorbed in the distal nephron, its presence adds to the 
electrochemical gradient that promotes tubular K* secretion. 

(ii) K‘ (and concurrently H*) secretion is promoted through the actions 
of aldosterone if the animal is hypovolemic. 
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(iii) Some 1C in gastric secretions may be lost via vomiting, 

(d) Hyperaldosteronism, primary-* 9 

(!) Dogs with hyperaldosteronism due to adrenal neoplasms may have 
hypokalemia. 40 A similar pathologic state has been reported in 
cats , 4 1 

(ii) The increased aldosterone concentrations would promote renal K* 
secretion by stimulating Na^K + -ATPase and opening K + channels in 
the collecting tubules (Fig. 9.3}. 

(2) Increased alimentary loss of K* via vomiting, diarrhea* sequestration, or excess 

salivation 

(a) Vomiting may cause loss of K*-rich fluid and thus lead to hypokalemia, 
but renal excretion may add to a decreased tbK\ 

(b) Wirh diarrheas, massive electrolyte and H 2 Q losses may occur. H,0 
intake may contribute a dilutional component to the hypokalemia. In 
addition, lack of absorption of dietary K* may augment the severity of 
the tbK* depletion and thus hypokalemia. 

(c) K 4 -rich fluid may be sequestered in the intestines of animals with ileus,, 
especially in horses,, 

(d) Because saliva is, a IC-rich fluid, loss of large volumes of saliva (choke, 
lacerated salivary gland, dysphagia, ptyalism) in horses and cattle can pro- 

p duce hypokalemia, 4 * Initially, the concurrent loss of HGOy may produce 

a mild acidosis. If the animals also become hyponatremic, hypochloremic, 
and hypovolemic, then renal compensations (conserve NV and HCOp, 
secrere K* and H‘ ) may lead to a hypokalemic metabolic alkalosis, 

(3) Increased cutaneous loss: sweating in horses 

(a) Equine sweat is relatively K f -rich as compared to plasma. Thus, profuse 
sweating can lead ro K 4 loss, tbK f depletion, and hypokalemia J 7 - 18 

(b) If the horse is drinking, H 2 0 intake would promote dilution of the 
remaining K + , 

c. Other or unknown mechanisms 

(1) Renal failure in cats 

(a) Cats with progressive renal disease that results in chronic renal failure are 
prone to develop hypokalemia. 

(b) The exact pathogenesis of the hypokalemia of chronic renal failure is 
unknown and may be due to multiple factors: increased renal excretion, 
increased colonic excretion, and decreased dietary intake, 

(2) Hypokalemic myopathy of Burmese kittens 4 *' 4 * 

(a) Affected Burmese kittens had hypokalemia and muscle weakness that 
was precipitated by stress or exercise; affected cars had High serum CK 
activities. 

(b) The pathogenesis of the hypokalemia is not established but may be due 
to a sudden shift of K + from the ECF to ICE 

SOD I UM : POTASS 1 U M {Na'iK*} RATIO 

I. Because several physiologic processes involve both Na + and K\ its not surprising that con- 
current changes m [Na + ] and [K*| may occur in the same animal. Calculating a Na + ;K 4 ratio 
may enhance detection, of electrolyte disorders. 
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CHLORIDE (CL) CONCENTRATION 

I. Physiologic processes 

A. Serum [Cl 1 is nearly equivalent to ECF [Cl'], which is influenced by ECF concentra- 
tions of Na* and HCOp. Therefore, complete interpretation of serum id") requires 

knowledge of scrum [Na 4 ] and at least a consideration of the animals acid-base status. 

B. Control of scrum [CT] 

1. Renal resorption and excretion of CP 

a. About 75% of filtered Cl' is resorbed in the proximal tubules down a concentra- 
tion gradient created by Na 4 and H^O resorption and through a formate-chloride 
exchanger. Angiotensin II stimulates the proximal tubular resorption of Na*, CP, 
and H.O, 

b. Cl" is actively resorbed in the thick ascending limb of the loop of Henle via a 
NaMC*-2CP transporter in the Luminal membrane; the rate- limiting factor is CP 
delivery to- the loop. This process is blocked by loop diuretics (e.g., furostmide} 
and is stimulated by ADH, 

c. Cl" is passively resorbed in the distal nephron by an electrochemical gradient 
established by Na + movement through Na 4 channels. Aldosterone promotes Na* 
resorption in the distal nephron. 

d. Na* and Cl* resorption in the distal nephron also involves an aldosterone-inde- 
pendent Na 4 -CI" cotransporter; this process varies directly with Na* delivery to 
the distal nephron. Thiazide diuretics block this cotransporter, 

e. Type A intercalated cells of the distal nephron excrete Cl" when H + Is excreted; 
the process is stimulated by acidemia (Fig. 9.4). Conversely, when there is an 
alkalemia or HCOp excess, Cl" is conserved and HCGy is secreted by Fype B 
intercalated cells (illustration of processes in Type B cells not provided), 

2, Alimentary tract functions pertaining to Cl' 

a. Gastric (or abomasa!) mucosa secretes HO as part of the digestive process. In the 
healthy animal, the secreted Cl; is resorbed after it passes into the intestinal tract. 

b. Secretion of Cl" requires the generation of HCOy (see big. 9,1). 

IL Analytical concepts 

A. Terms and units 

1, Assays measure the electrical potential of Cf" (potentiomecry) or [CP] (flame photome- 
try) in plasma* serum* or whole blood; the Cl" is a free ion in the plasma or scrum H >0. 

2. Unit conversion: mEq/L X ] = mmol/L; mg/dL — 3.55 = mmol/L (SI unit* nearest 

I mmol/L) 1 

B. Sample for (CT 1 quantitation 

1. Serum, is preferred; [Cl"l is stable for months it the sample does not dehydrate. 

2. Plasma may be used, 

C. Principles of assays 

1. Ion -selective electrode assays are the most common. 

2. Other halides (e*g., bromide and iodide) will react with the electrode to give a falsely 

increased [CP], Bromide may be present when KBr is used as an anticonvulsant. 

IIP Hype re h 1 orem ia 

A. Hyperchloremia typically occurs when there is hypernatremia or when there is a 

decreased [HCGy] (as occurs with metabolic acidoses)* Generally* changes in [CT] are 
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b. Renal loss of HCOy 

(1) In proximal tubular acidosis » the reduced reclamation of HCOy ma y allow 
more Cl" to be resorbed with Na + and thus hyperchloremic metabolic acidosis 
develops. 

(2) In distal tubular acidosis, the impaired ability to secrete H* might be linked 
to the failure of a CI'FHCOv shuttle, thus impairing excretion of CL and 
impairing reclamation of HC0 3 \ 

4. Respirator}.' alkalosis (chronic) 

a. As a compensatory change to prolonged hypocapnia and dkaJemia* then' is 
increased renal retention of H + and thus reduced renal conservation of HCOy, 

b. The hdl in HCOy is balanced by an increase in Cl and other anions that are not 
identified, 46 

3. Dehydration of sample (evaporation or sublimation): Exposure of serum or plasma to 
air may allow evaporation that results in hyperchloremia. This is especially true of air* 
conditioning systems that blow cool dry air over the sample processing or analysis 
areas. Sublimation of H 2 0 from, frozen samples may result in hyperchloremia. 

IV. Normochloremia: Recognizing the presence of normochloremia may be important when 

either hypernatremia or decreased serum [HCOy] is present because it suggests the presence 
of an increased anion gap (see the Anion Gap section below). 

V Hypochloremia 

A. Hypochloremia typically occurs when there is hyponatremia (cither true hyponatremia or 
pseudohyponatremia) or an increased serum [HCCV] (as occurs with metabolic alkalos- 
es)* It may occur in a metabolic acidosis but the hypochloremia is more Likely related to 

a concurrent hyponatremia than the acidoiic state. 

B, Disorders and pathogeneses { Fable 9.8) 

E G'-deficit group (O' loss > HFO loss) 


Table 9.8. Diseases and conditions that cause hypochloremia 

Cl'-deficit group: net Cl" loss > H 2 0 loss (loss ot Cl -containing fluid followed by increased 
H,0 intake) 

Concurrent loss of Na* (see MT-deftcit group in Table 9,4) 

Metabolic alkaloses 

"Loss or sequestration of HCI: vomiting, displaced abomasum, pyloric obstruction 
■Bovine renal failure 
Funosemide 
Th Jaz ide d i uretics 

Metabolic acidosis with an increased anion gap 
* Ketoacidosis 
"Lactic acidosis 

Ingestion of foreign substance that generates anions: ethylene glycol 
HjO-excess groups {with or without edema) (see same group in Table 9.4) 

Shifting of FRO from ICF to ECF (see same group in Table 9.4) 

Shifting of C..Y Iro.ru intravascular to cxtravascular fluid (see simi lar Nj -group in Table 9,4) 
Note: Pictdohypochloremh may be caused by displacement of serum or plasma H 2 0 (see text). 
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2. HjO-excess group, (Set 5 Hyponatremia in Sodium Concentration, V,R,2 earlier in 
this chapter). 

3. Shifting of H^O from 1CF to ECF. (See Hyponatremia in Sodium Concentration^ 
V.B.3 earlier in this chapter.) 

4. Shifting of CL from intravascular to extra vascular space. (See Hyponatremia in 
Sodium Concentration* V.B.5 earlier in this chapter.) 

BICARBONATE (HCO,1 CONCENTRATION AND TOTAL CARBON DIOXIDE (tC0 2 ) 

CONCENTRATION 

I. Physiologic processes 

A. HCOy is a major buffer in the body that helps maintain blood pH at physiologic con- 
cent rat ions* HCOr is produced from HjO and CO^ in cells that have carbonic anby- 
dra&e: erythrocytes, proximal renal tubular cells (luminal and intracellular)* parietal cells 
of the gastric epithelium, and intercalated cells of the collecting tubules. 

B. In. gastric or abomasa! mucosal cells, HO secretion is accomplished by the utilization of 
O' from the ECF and by the generation of HC0 3 ' (Fig. 9.5). 

C 90% of filtered HCO y is conserved in the proximal nephron (Fig, 9,6), This occurs dur- 
ing the process of H 4 secretion that is mediated through the NVTT antiporter and is 
dependent on NT resorption. 

D, Distal nephron 

1 . HCOy produced by rhe Type A intercalated cells of the collecting tubules enters the 
peritubular fluid through a CITHCO/ exchanger. This process is linked to H + secre- 
tion by H*-ATPase and is promoted by aldosterone (Fig. 9.4). 

2. HCOy can be excreted (when there is excess HCOy) through a Cl-HCOy exchang- 
er in Type B intercalated cells of the distal nephron. 


Gastric parietal epithelial cell 



Fig. 9,5, Gastric or abomasa! secretion of IT and Cl'. (fjS) » ATPasc pump, Q * cut run spot nr or counter 
transporter [an d porter ] ) 

H* and HGOy ary formed from rhe combination of OH' (from HO) and CO, in a reaction catalyzed by 
carbonic anhydrase. H* (from FLO) is secreted into the lumen via a H*-K*-ATPase pump. 'Hie generated 
HCOy is transported to the ECF via a CI'-HCO/ exchanger. Cl' is actively pumped into rhe lumen with 
NT and KG bur most NT and K* ions are: resorbed, thus leaving IT and Cl' in the lumen. The major results 
of the process are gastric seemion of H + and O', a lower plasma [O'], and higher plasma [HCO,j* 
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increases. The magnitude of Increase Is minimal because H 4 is released from other 
buffers in. the body (e.g., P0 4> hone* and Hgb) and combines with the HCO,\ 
Volume contraction also helps maintain the alkalosis by decreasing renal HCO/ 
excretion, 

b. The primary processes that result in the lo%$ of Cl' (vomiting, sequestration, 
diuretics) may create the loss ol H* and thus alkalosis. 

IV. Decreased bicarbonate (HCO/) concentration or total carbon dioxide (tC0 2 ) concentration 

A. Decreased [HCO/] Is usually associated with metabolic acidosis, either primary or as 
compensation for respiratory alkalosis. The excess generation of H* or a loss of HCO/ 
typically produces a metabolic acidosis (see Fig. 10,1). The loss of HCO/ (or other body 
buffers) reduces the buffering capacity of the body and thus allows H* to accumulate, 

B. Disorders and pathogeneses (Table 9.10) 

L Excess generation of H + : If metabolic pathways generate sufficient acid to exceed the 
buffering capacity of blood, then H + accumulates to create acidemia. HCO / is 
depleted when it is used to buffer the generated H\ 

a. Lactic acidosis occurs when cellular metabolism switches to anaerobic glycolysis. 

b. Ketoacidosis occurs when there is excessive [3-oxidation of triglycerides in heparo- 
cytes. 

c. Ingestion of certain compounds (e.g., ethylene glycol) creates an acidemia because 
the catabolism of the compound results in the generation of acid (see Table 9T2). 

2. Decreased renal excretion of H y : As with excess generation of add, ' HCO/J decreas- 
es as it is used to buffer H + that accumulates in plasma. 

a. Renal failure results in an acidemia because of the kidneys' inability to excrete the 
daily acid load produced by metabolic pathways, With progressive renal disease, 
less NHf is excreted because there are fewer functional nephrons ro form NH 4 \ 
Abnormalities in HCO," and P0 4 excretion may also play a role in the develop- 
ment of acidemia. 

b. Uroperitoncum or urinary tract obstruction also produces an acidemia because of 
impaired urinary excretion of HL 

Table 9.10. Diseases and conditions that cause decreased scrum [HCO,] or ftCOj] 
(metabolic acidosis) _ 

Excess generation of H 4 
"Lactic acidosis 
" Ketoacidosis 

Ingestion of certain compounds (see Table 9.12) 

Decreased rend excretion of H* 

* Renal failure 

“Uroperitoncum or urinary tract obstruction 
Distal renal tubular acidosis (type l) 

Hypoaldoste jo n ism 
Increased HCO / loss 

“Alimentary losses: diarrhea, sequestration, or vomiting of pancreatic secretions 
Renal losses: proximal renal tubular acidosis (type 2) 

Dllucional acidosis (rapid infusion of saline) _ == _ a «^_ ====== ^^ 

Note: Spurious decrease may occur due to aerobic sample handling. 
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c. Distal renal tubular acidosis (type 1) occurs when there is decreased H* secretion 
by the distal tubules because of tubular disease* ft may also occur with urinary 
tract obstruction and hyperkalemia. 

d, Hypoaldosteronism (as seen with hypoadrenocorticism) may promote acidemia 
because H + (and K + ) secretion is promoted by aldosterone in the principal epithe- 
lial cells. Aldosterone also stimulates HVATPase in the distal nephron and pro- 
motes H* secretion via the negative potential created by Na* resorption. Also, 
hyperkalemia inhibits NH/ secretion. Thus, without aldosterone, there is less 
secretion of H\ Hypoaldosteronism is called type 4 renal tubular acidosis* 

3. Increased HCOp loss 
a* Alimentary losses 

(1) Intestinal and pancreatic secretions are relatively H CO. p- rich fluids. Thus, 
diarrhea, vomiting (if pancreatic secretions are included), and intestinal seques- 
tra iio n can cause HCOy depletion and thus a loss of buffering capacity. 

(2) With time, H 4 produced by metabolic pathways accumulates and promotes 
acidemia. 

b. Renal losses 

(1) In proximal renal tubular acidosis (type 2), there is a defect in HCO , conser- 
vation in the proximal tubules. The defect may he due to abnormal Na 4 
resorption or to the presence of a carbonic anhydrase inhibitor. The defect 
may be part of either an inherited or acquired Fan corn’s syndrome. Besides 
proximal renal tubular acidosis, other findings in Eanconi’s syndrome include 
renal glycosuria, aminoaciduria, hypokalemia, and hypophosphatemia. 

(2) Acquired proximal renal tubular acidosis has been seen with multiple myelo- 
ma, hypocalcemia, and a variety of drugs in people. In dogs, the disorder has 
been seen with hypocalcemia (due to hypoparathyroidism and hypovita- 
minosis D), strep tozotocin and maleic add treatments, and an overdose of 
amoxicillin.^ ^ Acquired proximal renal tubular acidosis was reported in a 
mare, but the cause was not determined. 56 

4. DilutionaJ acidosis may occur with rapid saline infusion: Rapid infusion of saline 
may decrease [HCOp] by diluting ECF HCO A However, absolute change caused by 
dilution is expected to be minor and thus cause a minor change in blood pH, 

3. In vitro loss of HCO,' from sample (see ll.R above in dlls section) 

ANION CAP 
I. Definitions 

A, Cation: an atom or molecule with a positive charge. Monovalent cations have one posi- 
tive charge, divalent cations have two. 

B. Measured cation charge (mC 4 ): the charge concentration of the major monovalent cations 
(NT and K + ) whose serum activities or concentrations are directly measured. Because 
these ions are monovalent and measured as free ions, their ion concentrations are equiva- 
lent to their charge concentrations, 

C Unmeasured cation charge (uC 4 ): the charge concentration of all other cations in blood, 
including fCa 2t , fMg 2t , and cationic globulins, for which concentrations are not meas- 
ured for the anion gap calculation 

D. Total cation charge (tC/): total charge concentration of all cations in the blood (tC 4 - 
mC* + uC) 
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E. Anion: an atom or molecule with a negative charge. Monovalent anions have one nega- 
tive charge, divalent anions have two, trivalent anions (e.g, t PO 4 3 ") have three. 

F. Measured anion charge (mA ): the charge concentration of the major monovalent anions 
(CL and HCO*') whose serum activities or concentrations are measured. Because these 
ions art monovalent and measured as free ions, their ion concentrations arc equivalent to 
their charge concentrations. [HCOj'j may be estimated from [cCOJ.. 

G. Unmeasured anion charge (uA ): the charge concentration of all other anions In serum, 
including PO 4 , albumin, anions of organic acids, and S 0 4 , for which concentrations are 
not measured for the anion gap calculation 

H. Total anion charge (tA"): total charge concentration of all anions in the blood (tA" = mA' 

+ uA') 

L Anion gap: the difference (gap) in the charge concern rations between uA' and uC 4 (anion 
gap = uA" - uC + ). Anion gap can be calculated because this is also equal to the difference 
between mA' and mC’ concentrations (Eq. 9.3 and 9.4). 

Anion gap = mC- mA ' = ([Na + ] + [K f 1) —([Cl" 1 + [HCO/ ]) {9,30 


II. Physiologic processes 

A, Serum is always electrically neutral; i.e., total positive charges equal total negative 
charges. The major contributors to the electrical neutrality and their relative contribu- 
tions are shown in Table 9.1 1, In the example, 150 of the 157 mmol/L of cation charge 
are from Na* and K* and 134 of the 157 mmol/L of anion charge are from Cl" and 
HCOc 

B. Anion gstp formula derivation (Eq, 9.4) 

As serum is electrically neutral, tC* = tA ". 

As iC’ = mC + uCand tA " = mA + uA , then mC + uC = mA 4- uA (9,4.) 
As mC v - [NaM + tK*] and mA“ ^[Cr] + |HCO } ‘] p 
then ((Na + ]4- [K*]) + uC* = ({CT ] + [UCO~ ]) + uAT 

Rearranging the equation. uA“ -uC = ((Na f ] + [K + )) -([CT j + [HCO “]), 

As anion gap = uA — uC ‘ , 

then anion gap = fl Na' ] + [K*J)^ ClCl ] + [HC0^ ]). 


Table 9.1 L Cations and anions of serum in health (approximate charge concentrations 
provided to simplify concept) 


Cations 

mmol/L 
ion charge 

Anions 

mmol/L 
ion charge 

Na* 

146 

CL 

110 

K 4 

4.0 

HCO," 

24 

fCa 2 * 

5.0 

Proteins 

16- 

fMg J * 

2.0 

Organic anions 

3.5 

H 4 

I0- 7 

PO4 

2.5 



so 4 

1,0 

Total 

157 

Total 

157 


1 Molar concern rat ions of proteins are not measured because of variations in molecular weights of 
proteins. 
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5* With hyperphosphatemia, each 1 mg/dL increase in (POJ is associated with about a. 
0,6 mmol ion charge/L increase in uA' and therefore in anion gap (I mg/dL PQ 4 n 
0,323 mmol/L P0 4 , at an average negative valence of about 1.8), 

III, Analytical concepts 

A* Units;: mmol ion charge/ L (same as mmol/L of ion or inEcj/L of ion for monovalent 
ions, but not equivalent to ion concentration for multivalent ions like PCfo fiCa 2 \ and 
albumin) 

B* As with any calculated value, the anion gap will only be as accurate as the measured val- 
ues, 11 needed, refer to prior sections on the individual electrolytes. 

C, The [HCOj ] used in the formula may be either [cC0 2 | or a calculated {HCOyJ. Even 
with marked elevations in PCCf values, the tCO : and HCO s * values do not differ by- 
more than 2 mmol/L (2 mEq/L) if both values are accurate. 

IV, Increased anion gap 

A. Increased anion gaps typically are seen with certain metabolic acidoses (especially nor- 
mochloremic), but it does not indicate which one. Hyperchloremic metabolic acidoses 
will typically not have an increased anion gap. Minor increases in the anion gap can be 
seen in nonacidotic disorders that cause hyperalbum inemia or reduced concentration of 
fCa 3 * and fMg 3 *. 

B. Disorders, Diseases and conditions that cause an increased anion gap are presented in 
Table 9.12, 

V, Decreased anion gap 

A, A decreased anion gap has minimal to slight clinical significance, since it does not relate 
to specific pathologic states. Decreased anion gaps often occur when there is hypoal bu- 
rn inemk {decreased uAT They may also occur with increased uC*, but such changes are 
mild. 

B. Recognizing that hypoalbu mi ncin i a lowers the anion gap aids in the interpretation of 
anion gap values that are WRI or increased; i.e.„ the anion gap value would have been 
higher it the animal did not have hypoalbumincmia. 


Table 9*12, Diseases and conditions that cause am increased anion gap 

Metabolic acidoses 

"Lactic acidosis: increased lactate 

"Ketoacidosis: increased ketone bodies (fJ-hydroxybutyratc or acctoacctatc) 

"Renal failure; increased PCfo sulfate, or citrate 

Massive rhab do myolysis: probably increased lactate and PO* 

ingestion of certain compounds 

"Ethyleneglycol (antifreeze): increased glycolare or oxalate 
Methanol poisoning (antifreeze); formate 

Paraldehyde (sedative or anesthetic): increased acetate and ch loro-acetate 
Metaldehyde poisoning (snail bait) 

Penicillin (very high doses) 

Hype r albuminemia (minor changes) 

Note: Spurious increase in anion gap may occur when there is a decreased [HCOy] caused by aerobic 
sample handling. 
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Table 9,13. Diseases and conditions drat cause a decreased anion gap 

Decreases in unmeasured anion charge concentration (uA’) 

B Hy poa Ibum i ncm ia 

Increases in unmeasured cation charge concentration (uO) 

Hypercalcemia (minor changes) 

Hypermagnesemia (minor changes) 

Multiple myeloma chat is producing canonic p roteins 

Note: Spurious decrease in anion gap may occur when there is a pscudohypcrchlorcmia caused by 
brom ide. 

C Disorders* Diseases and conditions that cause a decreased anion gap are presented. In 
Table 9,13. 

VI. SID 

A, Evaluation of SID assesses acid-base abnormalities in the context of abnormal concentra- 
tions of ions (strong cations and strong anions). SID concepts are similar to anion gap 
concepts bur also consider other factors. 

B, Complete explanation of SID is beyond the scope of this book, but major aspects are 
presented in Chapter 10, 

OSMOLALITY AND OSMQ. GAP 

L Definitions 

A. ChmoUtity. the concentration of a solute expressed in moles of solute per kilogram of sol- 
vent (mol /kg). In clinical assessments, it is expressed as mosmol/kg. 

B. OsmoLtrity: the concentration of a solute expressed in moles of solute per liter of solution 
(mol/L), In clinical assessments* it is expressed as mosmol/L. Serum osmolality does not 
equal serum osmolar icy, because 1 L of normal serum will contain about 930 mL of 
H 2 0 (0,93 kg of H 2 0) (assuming a total solids of 7 g/dL = 70 g/L ■ 0.07 kg/L). 

C. Ottmle: one mole of osmorically active particles. For a substance that does not dissociate 
in solution, I mole equals I osmole. For a substance that completely dissociates into two 
ions per mole, there are 2 osmoles of dissociated solute particles per 1 mole of undissoci- 
ated substance. Most dissociable solutes do not dissociate completely, 

D. Mole: the SI unit for the amount of substance present when there are 6,023 X JO 2 * iden- 
tical particles (Avogadro's number) of it (based on the number of particles in 0,012 kg of 
carbon 12); I mole of a substance weighs its gram molecular weight; Le,, 1 mole of glu- 
cose weighs ISO g, I mole of Na weighs 23 g. 

E. Osmotic pressure: the force required to counterbalance the force of osmotic solvent How 
through a semi permeable membrane, such as cell membranes. It is also referred to as 
total osmotic pressure to differentiate it from colloidal osmotic pressure (see below). 

F. Osmosis: the passage of solvent (H : 0) from a solution of lesser solute concentration 
(greater [H 2 0]) through a se impermeable membrane (one that does not permit passage 
of some solute particles) to a solution of greater solute concentration (lesser [HjO]) 

G. Osmometry ; any technique for measuring the osmolality of a solution 

H. Osmometer: a device or instrument that measures the osmolality of a solution 

L Tonicity: the effective osmolality of a solution; Le., that solute concentration that can 
contribute to movement of H >0 across a semi permeable membrane 

J. Solute: a substance dissolved in a solvent 
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K. Cdfokkl om&itt pressure (mrnic pressure): the osmotic pressure exerted by colloidal panicles 
suspended in a solvent at a capillary membrane. Colloidal particles are macroitiolcculcs that 
are too small (1 nm to I pm) to settle out due to gravity Most oncotic pressure of plasma is 
caused by plasma proteins (about 80% albumin, 20% globulins); part of the colloidal osmot- 
ic pressure is attributed to cations (e,g., Na + ) that arc attracted to the negatively charged pro- 
teins (Don nan equilibrium effect). Most nonprotein solutes do nor contribute to osmotic 
pressure in capillaries because the capillaries are permeable to FLO and the small solutes. 

II, Physiologic processes 

A. As stated above, osmolality is the concentration of solutes per kilogram of solvent, and it 
is dependent on the number of molecules, or ions in, the solution. The major contribu- 
tors to scrum osmolality and their relative contributions are shown in Table 9, 14,, 

B, Major concepts of relative contributions of solutes to serum osmolality 

L Ma* is the major solute in serum. In fact, about half of the solute (moles, not mass) 
in serum are Na* ions. 

2. Cl" runs a close second. Because CP frequently follows sodium, changes in [Na*] are 
frequently accompanied bv changes in [C1‘], which approximately doubles the 
changes in osmolality. 

3. At physiologic concentrations, urea and glucose are small contributors to total osmo- 
lality. However, marked azotemia or hyperglycemia will cause hyperos molality. 

4. Protein contributes very little to osmolality {< 1 mosmol/kg). Protein molecules are 
relatively very large but extremely rare (compared ro electrolytes, urea, and glucose}. 

3. Hypothalamic osmoreceptors are sensitive to increases and decreases in effective plas- 
ma osmolality (tonicity). 

a.. If there is an increased effective osmolality ADH is released to stimulate rhe renal 
collecting tubules to resorb H,Q. In addition, the thirst center is stimulated to 
increase the intake of HiQ. Both processes cause a dilutional correction of the 
plasma solute concentration. 


Table 9.1 4. Solutes that contribute to serum osmolarity {approximate concentrations 
provided to simplify concept) 




Factor to 


Contribution to total 


Measured 

convert to 

Contribution 

os molarity in serum 

Solute 

concern radon 

mosmol/L 

to osmolarity 

of healthy animal 

Ha* 

146 mmol/L 

X ] 

146 mosmol/L ) 


K* 

4 mmoi/L 

X 1 

4 mosmol/L | 

► 28 1 mosmol/L 
94% of total solute 

Cl 

107 mmol/L 

X 1 

107 mosmol/L j 

HCO,’ 

24 mmol/L 

X l 

24 mosmol/L J 

UN 

20 mg/dL 

- 2.8 

7 mosmol/L 

1 12 mosmol/L 

Glucose 

100 mg/dL 

+ 18 

5,5 rnosmol/L 1 

f 4% of total solute 

PO, 

iCa 

Mg’* 

4 mg/dL 
10 mg/dL 
J mmol/L 

x 0.6 
X 0,25 
X 1 

2.4 mosmol/L 

2.5 mosmol/L 
1 .0 mosmol/L 

6 mosmol/L 
2% of total solute 

Protein 

6 g/dL 

Varies with 

< 1,0 mosmol/L 

! No significant contribution 



protein 

j 

I to osmolarity 

Total 



300.4 mosmol/L 



The data in the table illustrate the contributions of common serum solutes to total solute concentration. The 
data are expressed as osmolariiies because the measured concentrations of individual solutes are routinely reported 
on a i'L basis: and not on a ikg H/J basis. Assuming, total solids uecupt 7% of plasma volume and thus FLO 
occupies 93% of plasma volume h osmolarity is converted to osmolality as follows: osmolarity +0.93 ■ osmolality 
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2. Freezing point osmometers are more common, more precise, and more accurate than 
vapor pressure osmometers. Vapor pressure osmometers do nor measure the contribu- 
tion of volatile solutes (c.g., alcohols) to total osmolality* 

3. Osm ffl indicates the total concentration of solutes in the serum, but it does not indi- 
cate which solutes arc present. 

4. Scrum is the required sample for measuring osmolality; addition of anticoagulants for 
plasma samples would be adding solute to the plasma. The stability of a serum osmo- 
lality will depend on the stability of the individual solutes in the sample (see sections 
for Na + , K + , O', HCOy, glucose, urea, or other solutes that can be present). 

B. Osm t 

1, Because there is a direct correlation between molality and osmolality and there is a 
relationship between molality and molarity, knowing the mill! molar concentrations 
of solutes allows us to estimate the osmolality that is expected due to chose solutes. 
However, this conversion is not exact because of three factors. 

a* Osmolality and os molarity of plasma solutes are not equal because 1 L of plasma 
contains about 0.93 kg H 2 0 and about 0.07 kg solids; most plasma solids are 
proteins* 

b. The concentrations of some plasma solutes are not measured and thus their con- 
tributions to total osmolality are not included in calculations. 

c. Some plasma solutes are not completely dissociated (e.g., minute amounts of Na* 
and O' are present m plasma as NaCI), 

2. At least 14 formulas have been used to' calculate an estimate (Osm c ) of the true 
osmolality (Osm m ) of serum, 5 " Each formula includes measured values for some of 
die major solutes contributing to osmolality, and constants or factors to estimate the 
effects of the other solutes. The formulas vary because; 

a. Different investigators attempted to estimate true osmolality using different 
solutes and conversion factors. 

b. Method variations for some of the analytes produce different results, which 
require different mathematical manipulations to best estimate true osmolality, 

c. The dissociation of ionic compounds may vary among species, 

d. The conversion of serum osmolar tty to serum osmolality ii imperfect. 

3- Ideally each laboratory would determine a best- fit equation to predict Osm m for that 
laboratory's assays. However, most use one of four equations (Eq. 9,6a-d}, Other for- 
mulas add a constant (e.g* s 8,6) to estimate the contribution of solutes other than 
Na% K + , Cl", HCOjT, urea, and glucose. 

In all formulas, Na‘ and K ' concentrations are in mmol / L or mEq/L. 

If UN and glucose concentrations are in mg/dL, then 

Osm = 1 .86 {(NC | + [K *]) + '' X 1 

2.8 18 

Osm .2[NC] + i^ + i£^ 

3 20 

II UN and glucose concentrations are in mmol/ L, then 
Osny =1.86 (|Na + ! + [K ' 3) + [urea] + f glucose] 

Osm, — 2 [Na ' ] + |urca|+ [glucose] 


( 9 , 6,&4 

(9.6*b.) 

<9. 6.c.) 
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4. What are the components of the equations? 

a. l .86 X {[Na + ] + [K*]) or 2 X [Na 4 ]r an estimate of the osmolality due to the 
major four electrolytes; i,c,» the sum of Naf K + , Cl', and HCO/ concern ratio ns 

(1) Because serum must remain electrically neutral, increased concentrations of 
other anions will be associated with lower [CL] or [HCO,*] if cation concen- 
trations remain constant. Thus, the expression estimates the osmolality due to 
electrolytes even when there is an increased anion gap. 

(2) The inclusion of K* rends to yield a more accurate estimate of osmolality, 
especially if there is hyponatremia and hyperkalemia. However, because serum 
[K*J cannot change much (± 2 mmol/L) without serious medical conse- 
quences, major changes in serum [K 4 ] cause only minor changes in total 
serum osmolality. 

b. [UNJ + 2.8: conversion of [UN] from mg/dL to mmol/L of urea (M r of UN is 
28 and there are 10 dL in 1 L) 

c. [UNI ~ 3: approximate conversion of [UN] from mg/dL to mmol/L of urea 

d. [glucose] 18: conversion of [glucose] from mg/dL to mmol/L (M r of glucose is 
180 and there are 10 dL in 1 L) 

e. [glucose] 20: approximate conversion of [glucose] from mg/dL to mmol/L 

5. An Osm. is of iittk value by itself; it is simply an estimate of the osmolality due to 
commonly measured solute concentrations. If a measured solute concentration fi.e., 
NaL urea, glucose) is increased, then the Osm. will be increased proportionately and 
it may or may not estimate the true serum osmolality, 

C. Os mo, gap 

1 . There is not a correct unit for the osmo, gap because the Osm ro is expressed as 
mosmol/hg (molality) and the Osm c is expressed as mosmol/L (molarity). Since 
neither osmolar gap nor osmolal gap is a correct term, the term osmo. gap will be used. 

2. Osmo. gap formula (Eq. 9-7) 

a, Qsm rt , represents the total solute concentration in the sample, Osm L estimates the 
solute concentration using some combination of Na + , K*, urea, and glucose, 

b. If the formula used for Osm,, is optimized to match Osm,,, values, the osmo, gap 
reference interval would be near zero. 

Osmo, gap - Osm ni — Osm {9.7.) 

IV Evaluation of serum osmolality and osmo. gap. The major concepts are shown in Fig, 9.8. 

V. Interpretation of osmolality data (Table 9. 1 5) 

A. Serum hyperosmolality and osmo, gap WRI; An increased Osm fi , indicates there is an 
increased concentration of one or more solutes. Since the osmo. gap is WRI, there is a 
proportionate increase in Osm e and Osm m . Because an increased Osm f results from 
increased concentrations of Na + „ urea, or glucose, then the increased Osm, n is due to 
increased NaL urea, or glucose concentrations. 

B. Serum hyperosmolality and increased osmo, gap: An increased Osm ni indicates there is 
an increased concentration of one or more solutes. Because the osmo, gap is increased, 
the Osm., is not increased or not increased as much as the increase in Osm m . In this situ- 
ation, substantial increases in the osmo, gap are associated with poisonings by non elec- 
trolytes (e.g. T ethylene glycol, methanol, paraldehyde) or intravenous administration of 
mannitol or radiographic contrast media. The increased osmo, gap is probably due to a 
nonionic solute other than urea or glucose for the following reasons: 
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Fig s 9,8, Bar diagrams of serum osmolality concepts. 
uC = jfCa**] + [Mg' 4 ]; uA = ( 1*0 J + [SOJ + (anions of organic acids], all in mmoi/L units. Proreins are 

nor included because rhey do not contribute significantly to osmolality. Solutes that contribute to the osmo. 

gap are within the grey-shaded area, 

A. In the healthy animal, nearly all nonprotein solutes are monovalent electrolytes except for urea and glu- 
cose; osmo, gap should be near 0 it an appropriate formula for 0s is used. 

B. In a normuehlo remit metabolic acidosis (therefore low [HCO/Jb tile osmo. gap is not Increased because 
the 1.86 ({Na + ] + [K + D should account lor the sum of all cations and anions. Because electrical neutrality 
must be maintained, increases in uA must be accompanied by increases in cations, decreases in other 
anions, or both. In any case, the 1.86 (Na 4 + K + ) should account for the sum of all cations and anions. 

C. When hyperosmolality is due to azotemia, the osmo. gap is not increased because both the Osm ro and 
Qsm, are increased proportionately by the higher urea concentration. The same concept applies for hyper- 
osmolality due to hyperglycemia or hypernatremia. If azotemia and hyperphosphatemia are present, the 
PC 4 ions will contribute to an increased, anion gap but they will not contribute to an osmo. gap (sec 
Table 9,15). 

D. When hyperosmolality is due to an abnormal solute (c.g., mannitol), the osmo. gap is increased because 
the exogenous solute increases the Osm m but is not included in thc Osm, formula. 

E. When hypoosmolality is- due to hyponatremia and hypochloremia, the osmo, gap is not changed because 
the Osm m and Osm t are decreased proportionately. 


1. Increases in [Na + ], [K*J T or anions {Cl", HCOf, or others) would result in an 
increased Osm m and the same increase In the Q$n\. The Osm ni increases because 
there are more particles in solution. The Osm t increases because the "1.86 ([Na*J + 
|K*I)” and "2 [Na 4 ] ’ expressions estimate the concentration of all tons, assuming that 
Eqs, 9.6. a and 9.6.b provide reliable estimates of the serum osmolality. Because the 
expressions do not account for biologic variation in ion concentrations (within an 
animal, between animals, or between species), we must remember that the expres- 
sions only provide estimates. 
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Table 9.1 5. Interpretation of abnormal serum osmolality or in created o$nio, gaps 


Osm m 

Osmo. gap 

Abnormal [solute] 

Disorders, conditions 

* Increased 

WRI 

Increases in Na*, urea, or 
glucose concentrations 

See Hypernatremia section 

See Azotemia and Uremia (Chap, 8) 

See Hyperglycemia (Chap, .14) 

Increased 

Increased 

Increased concentration 
of non io n i c com pound 
other than urea or glucose 

Mannitol infusion (intravenous) 
Radiographic contrast media 
(intravenous) 

Ethanol, methanol* ethylene glycol 

“Decreased 

WRI 

Indicates a true hyponatremia 

See Hyponatremia section 


Note: A spurious increase in osmo. gap will occur if there is a pseudohyponatremia (sec Hyponatremia 
section). 


2 . As previously explained in the Osm L section* the 1,86 {[Na*] +• [K*]) and 2 [Na*] 
expressions will represent total concentration of ions because .scrum must remain 
electrically neutral. Even when an anion gap is increased because of increased concen- 
trations of anions other than Cl" or HCOy, the expressions will estimate ionic con- 
tributions to osmolality because there will be either proportionally lower [Cl"l and/or 
[HCOj ] (therefore no net change in Osm. T , or Osin.,) or proportionally increased 
|Na + ] and/or [K*] (therefore increases in both Osm m and Osm c ) to maintain electri- 
cal neutral I ry* In either case, the expressions represent iota! ion concentrations and 
osmo. gap will not be due to anions that create an increased anion gap. 

3. The 1 .86 ((Na*) + 1 1C]) and 2 [Na*i expressions would underestimate the total ion 
concentration if there were increases in cation concentrations other than |Na*j or 
IK*]. However increases of [FCa 2t ] or [fMg 2 *] of 2-3 mmol/L would create patholog- 
ic states but increase the scrum osmolality by no more than 4-6 mosmol/kg (increase 
in cation charge concentration could be matched by increase in anion charge concen- 
tration, or a reduction in |Na‘] and/or [K*]). A change in osmo. gap of 4-6 units 
typically would be considered clinically insignificant because it could represent physi- 
ologic or analytical variation. 

4. Even though the increased osmo. gap will be due to an increased concentration of a 
nonionic solute, there can be a concurrent increase in anions to create an anion gap." 1 " 1 
Methanol can contribute to an osmo, gap and its metabolite (formate) can contribute 
to an anion gap. Ethylene glycol can contribute io an osmo. gap and its metabolites 
(glycolate or oxalate) can contribute to an anion gap. In ketoacidosis, acetone might 
contribute ro osmo, gap but acetoacetate and fj-hydroxybutyrate contribute to the 
anion gap, 

C. Serum hypoosmolality and osmo. gap WRI? A decreased Osm^ indicates there is a 
decreased concentration of one or more solutes. Because the osmo, gap is WRI, there is a 
proportionate decrease in Osm c and Osm m and thus there must be decreased concentra- 
tions of Na*, UN, or glucose. As UN and glucose contribute about 7 and 5 mosmol/kg, 
respectively, in health, and a marked decrease in cither (e.g,> from 7 to 3 or 5 to 2) causes 
only a minor decrease in total osmolality, any clinically significant hypoosmolality will be 
due to hyponatremia. 

D, If there is a spurious hyponatremia, the Osm m will be an accurate value because lipids Of 
proteins do not affect the (Na*l in plasma H>0. However, the Q$m c will be decreased 
because of the spuriously low [Na*J. Therefore, the osmo. gap will be increased. 
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DEFINITIONS 

Definitions ot important terms in this chapter: 

Acidemia: a decreased blood pH (increased fH*]) 

Alkatrmia : an increased blood pH (decreased | H * ] ) 

Acidosis: a condition in which acidemia tends to occur; animal may not be academic because of 
compensating mechanisms or because of the width of the reference interval 
Alkalosis: a condition in which alkalemia tends to occur; animal may not be alkalemic because of 
compensating mechanisms or because of the width of the reference interval 
Hypercapnia: excess C0 2 in blood (increased Pco>) 

Hypocapnia: deficiency of CQ_> in blood (decreased Pco 2 ) 

Hypoxemia: deficiency of dissolved O in blood (decreased Pod 

PHYSIOLOGIC PROCESSES 

L Several respiratory and non respiratory processes help maintain [H 4 ] at a minute but stable 
concentration (about 40 nmol/L). Metabolic processes continually produce H* and it k 
either excreted (via kidneys) or bound to buffers (HCOy, P0 4 , NH„ sulfates. Hgb, and 
other proteins such as albumin). Of the total buffering capacity in health, HCOy con- 
tributes over 20 mmol/L, whereas the nonbicarbonatc buffers contribute less than 10 
mmol/L. 1 

IL As the buffers work together, changes in one buffering system reflect changes in the others. 

In clinical medicine, the bicarbonate buffering system is used to monitor control of [H 4 | 
and therefore acid-base status, 

A. The relationship of [H + ], [HCOj'J. and PCX), in normal blood at 37*C can be expressed 
with the Henderson- Hasselbalch equation or a non logarithmic version (Eq. 10. La). The 
[HjCO,.] k calculated from a measured Pt:o : value based on the solubility coefficient of 
CO; in an aqueous solution (Eq. lO.Lbh 

pH =6.1 + log or }H’) = 24x — : (10.1.*,) 

[H.COJ [HCO/l 

Pco , X 0. 03 = 1 H .CO , ] ( 1 1 ,bd 

f H ‘ ] in nmol / L; [HCO, J & [H,CO J in mmol/L; Pco, in mmHg 

B. As seen in the nonlogarithmic equation, [H*] is dearly related to the ratio of PtJO, to 
[HCO t ]. As the ratio increases, the animal becomes acidemic. As the ratio decreases, the 
animal becomes alkalemic. 

III. Pulmonary functions related to acid-base status 

A, Expiration of CO-.,, results in the elimination of H* (Fig. ID. I A). 

1. Because blood [H*l is very low compared to fHCO/] (ratio * 1:600,000), this 
process does not lower [HCOy] unless there is excessive generation of ML 

2 , It may be helpful to consider the bicarbonate system going through H : CO^ (Eq. 

10 2 .a), but the actual reaction catalyzed by carbonic an hydras? involves the dissocia- 
tion of H 2 Q, release of H 4 , reaction of OH" with CO , to form H(XV and without a 
H 2 CO , intermediate (Eq. I0.2.b). The reaction is reversible. 
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A. Healthy animal 



B. Metabolic acidosis S)lsttmic ^ ^ 



C. Respiratory acidosis ««, 



D. Metabolic alkalosis Systtmlc ^ ^ 




H + from metabolism 
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H + HCO, <-» HjCOj «-> H,0+ CO, ifl <10.2.a.) 

H* +HCO)~ < rte ■» H ; 0* CO,,^ (10.2.b.) 

B, Hyperventilation increases expiration of C0 2 and tends 10 cause aJkalemia; hypoventila- 
tion decreases expiration ot'COs and tends to cause acidemia. Two types of chemo recep- 
tors control respiration, 

1. Central chemorecepcors (brain stem) are stimulated by increased [H + J in surrounding 
fluid, 

2, Peripheral chemoreceptors (carotid and aortic bodies) are stimulated primarily by 
hypoxemia, but also by acidemia (increased [H + ]). 

IV. Renal functions related to acid-base balance 

A. Kidneys have key roles in maintaining acid-base shills (see Chaps. 8 and 9). 

B. Their major functions that pertain to acid -base status in health are to excrete Hr*' (direct- 
ly or by incorporation into MH/% H >PO/, or SCfy ) and to conserve HCO/. 

C. Hormonal and. other factors that alter Na'% Cl', and K* excretion will typically influence 4 
renal excretion of H + and HCO/. 


Fig. 10.1. Schematic representation of basic concepts of bicarbonate buffering system in health and in acid- 
base disorders. 

Respiratory disorders involve removal of CO ; from pulmonary arterial (capillary) blood. Metabolic disor- 
ders result in abnormal concentrations of and HCO, in systemic venous blood. 

A, In health, H* from metabolism is buffered by HCO/ to form. H,CCC which dissociates to HjO and 
CO !([) . The CO J( ^ is expired via the respiratory system. In the presence of carbonic anhydrase (CA)> the 
reactions are reversible but the net flow is to the right (toward CO. expiration). The approximate molar 
concentrations oFH*, HCO,', H 2 C0,. and dissolved CO, in plasma show that there is large excess of 
HCO/ available to buffer H ’ . 

B* In a metabolic acidosis, acidosis occurs because of one of two basic processes; without compensation, Pco, 
remains WRI, However, I [H*] will Stimulate respiration anti result in increased removal of COs from 
pulmonary blood and thus a l Pco, . 

1 , Excess H + accumulates because of increased production of organic acids or decreased renal excretion of 
H\ The excess H* drives the equation to the right and thus leads to consumption of HCO/, 

2. Excess loss of HCO/ via alimentary or urinary system reduces the buffering capacity and allows H* to 
accumulate, 

C III a respiratory acidosis, hypoventilation causes reduced expiration of CO, . which leads to an T P A c:t>, 
and an T [H + ] (T pH); without compensation, [HCO /] 15 insignificantly increased and remains WRI, 
Given time, the kidneys will compensate for acidemia and conserve HCO/. 

D. In a metabolic alkalosis, alkalosis occurs because of one of two basic processes; without compensation, 
Pco, remains WRI. 

1, Excess H* is lost via gastric or renal secretion; the secretion of H* results, in a generation of HCO/ that 
accumulates in plasma. 

2. Excess HCO/ is formed, conserved, or administered and thus results iii more removal of EH from 
blood and thus an alkalemia. 

E. In a respiratory alkalosis, hyperventilation causes excessive expiration of COi^, h which leads, ro a i P^cO, 
and a 1 SH*) it pHh without compensation, f HCO/] remains WRI. 
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ANALYTICAL CONCEPTS 
I, Blood, gas instruments 

A. Blood gas instruments measure the [H f ], POj,, and Pt:o, in blond. 

1 . Selective membranes allow only H f , 0 llf5 *, or CO> fp . to pass from the blood ro cause 
reactions with specific electrodes. In the Peek system, the CO, reacts in a bicarbon- 
ate buffer to change the pH; the change in pH is detected by a pH (H ' “Selective) 
electrode, 

2. (lie membranes also protect the electrodes from proteins and other substances in the 
blood. Maintenance of blood gas instruments Involves maintenance (cleaning, 
replacement) of the membranes, 

B. Point-ot-care resting: Small hand-held or portable chemical analyzers that use a dispos- 
able cartridge that contain ion -selective electrodes can measure blood gas values (pH, 
Pco> T POj), common blood analyte concentrations (Na% K + , Cl', urea, glucose, fCa ? % 
Hgb), and calculate several concentrations or values (HCOf, rCO : , anion gap, So,, 
BE h::F) BE b , Hct). 

C. Calculated acid-base and blood gas values: The following values can be calculated from 
the measured pH, Pt:0 2> and Po-, using other known factors (e,g„ body temperature, 
[Hgb]): 

1. 1 HCO,‘]. iauj |: calculated via the Hendtrson-Hassdbalch equation using the measured 
pH and measured Pc’Oh (Eq. 10.1. a) 

2. [ tCO 2 ] ■ calculated from the calculated [HCOTL cual and measured PCO, (Eq. 10,3); 
the Pco, is multiplied by 0.03 (a solubility coefficient) to calculate the amount of 
dissolved CO 2 in the blood sample, 

[tCO, 1= [HCOj" ] + |H,COj = [HCO, ] + (Pco 2 X 0.03) (103,) 


3. [HCO,']^ rd 

a. [HCO iT [a nJa r j « the | HCO /J in plasma when fully oxygenated blood from a 
"normal" animal is equilibrated at 37°C and Pco ; of 40 mmHg. Or, a calculated 
[HCO/], undilJ is an estimate of the fHCOy] in the sample if the Pro, was 40 
mmHg, 

b. The [HCOTL^i is a better estimate of buffer base in a blood sample because it 
is independent of changes in PCCK, whereas a [HCO>'J* [ua[ is dependent on PCO, 
values (c.g., when Pcu 2 increases, [HCO/J increases in plasma) A 

4 . BE KO or BE,, (in mmol/L) 1 

a, BE 1C y value is the amount of strong acid (mmol/L) that is needed to titrate extra- 
cellular fluid (or plasma) to a pH of 7.4 if the PCCy is 40 mmHg at 37 fl C. 

b, The calculation uses the measured pH, calculated [HCO Eli an assumed normal 
[HCO/] of 24,5 mmol/L, and an assumed normal plasma protein concentration 
of 7,2 g/d,L, 

c, » Changes in BE F[ | 

(!) A positive BE E{ f; indicates there is an excess of pi asrna buffer (e.g.» HCO/, 
proteins) and thus a metabolic alkalosis. 

(2) A negative BF. h;j: indicates there is a deficit of plasma buffer (e.g., HCO/, 
proteins) and thus a metabolic acidosis. 

(3) If blood pH changes because of a change in PcD 2 but the [HCO/] is WRE 
then the BE rx:f - will remain WRL 
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5. BE R (in mmol/L) 

a, BE b value is the amount of strong acid (mmol/L) that is needed to titrate blood 
to a pH of 7.4 if the PCG> is 40 raraHg at 37°C. 

b, The calculation involves the same values as BE,* , plus the contribution of ery- 
throcytes to the buffer base (most from. Hgb, but .also from 2,3-DPG). 

c. Positive and negative BE ft values provide essentially the same information about 
the patient as the BE^-p The BE h values should approach the BE HT as an animal 
becomes more anemic. 

d. BEg can also be derived via a Siggaard -Andersen alignment nomogram. 

6= Buffer base (or total buffer base) 

a. Buffer base is the sum of "buffer ions” of blood, including bicarbonate, Hgb, and 
plasma proteins, 

b. Buffer base is related, to base excess as follows: buffer base k . mJ * buffer base narreijJ + 
base excess. Buffer basc^,^ is the calculated sum of the “buffer ions” in the 
patients sample; buffer base tl£W|m | is the expected sum of the "‘buffer ionf in a 
healthy human; and base excess (if positive) is the amount of excess “buffer ions" 
compared to normal, 

7, So 2 (percentage) 

a. The So 2 is the amount of O, in blood divided by the 0 : carrying capacity of 
blood (expressed as a percentage), 

b. The So 2 is primarily dependent on the Po 2 as described by the sigmoid oxygen - 
Hgb dissociation curve (Pig. 10.2). At a ?p 2 of UK) mmHg, the So, is expected 
to be about 97%. Acidemia, increased erythrocyte (2,3-DPG], hyperthermia, and 
hypercarbia shift the dissociation curve to the right (So 2 decreases for a given Po>). 

c. When the So 2 is calculated using measured pH and Po 2 values and: 

(1) the pH is constant but the Po 2 decreases, then SOj decreases. 

(2) the POi is constant but the pH decreases (acidemia), then So, decreases. If 
PO, is constant but pH increases (alkalemia), then So> increases. 



Fig. 10,2. Schematic drawing of oxy gen-hemogiobi n dissociation curve. 

Increased [H*], increased erythrocyte [2,3-DPG], hyperthermia, and hypercarbia will shift the curve to the 
right. If PO+ stays constant, shifting the curve to the right will result in a lower 5o jr Abo note that when Po, 
values are greater than 100 mm Hg, a shifting of the curve will result in very hide change in So, because the 
So, will be near 100%. 
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the measured absorbance values, a ratio can be calculated that reflects the S 1 0 1 
(Eq. 10.4 .a). 

! °' H g b 1 y , nn (10.4. a.) 


So, - 


[0_,Hgb| + [RHgh] 


OjHgb% 


[O.Hgbl 


[O s Hgbl + [RHgb] + [COHgb] + [M«Hgb] 


— xl()0 


(lOAk) 


Q, H gb (oxyhemoglobin) , RH gb ( red u ced hemoglob i n) , COHgb 
(carboxy h tmogl ob in). Met H gb ( methemoglob i n ) 

3. The interference caused by ocher light-absorbing substances in the tissues is removed 
by measuring the tight while arterial blood pulses through the tissue. In pulse oxime- 
try, it is assumed that the changes in absorbance values occur when oxygen- rich 
blood pulsates through the tissue. 

4, COHgb and MetHgb also absorb light at 660 and 940 nm and thus they do inter- 
fere with measurements if present (see Hypoxemia section below). 


IlL Sample for blood, gas and pH analysis 

A. Heparinized whole blood.: 0.05 to 0.1 mL of heparin (1000 unirs/mL) per mL of blood, 
or 50-100 units/ nil, of blood 

1. Arterial blood is the preferred sample for all blood gas and pH analyses and is 
required for the assessment of oxygenation of blood or pulmonary function. 

2= Venous blood may give adequate results for assessment of metabolic disorders bur 
will have lower pH, higher Pco,, and lower Po_> values. The Pen of venous blood is 
not an accurate reflection of pulmonary function. The source of the venous blood 
may affect the Pco 2 value. Venous blood from a hypoxic leg will have a different 
Pen, value than venous blood from a well -perfused head. 

3. Blood may be collected in either glass or quality plastic syringes. The needle must be 
sealed with cork or rubber immediately after collection to prevent exposure to air. Air 
should not be in the syringe during or after the collection of a sample. 

4 + Optimally, a heparinized blood sample should be tested (poim-of-care) or transported 
to the laboratory immediately after collection. If not possible, acceptable blood gas 
and pH results can be obtained if the heparinized blood is immersed in an ice bath 
and analyzed within I hr. Placement of the sample in a refrigerator will not cool the 
sample as quickly; do not place a sample in a freezer because erythrocytes will lyse, 

B. Erroneous blood gas and pH values due to poor sample collection or handling 
1 . Exposure to air (including air bubbles) or excess heparin in the sample* 

a. The Po 2 and PCO - values for arterial blood and room air are different (Table 
10.3). The Po , and Pc:« 2 of heparin will be the same as room air if heparin Is 
exposed to air. 


Table 10.3. Po> and Pco 2 values in air and blood (samples from healthy animal 
inspiring room air) 




Room air 

Arterial blood 

Venous blood 

p°i 

mmHg 

~ 150 mm Hg 

™ 90 mmHg 

= 40 mmHg 

Pen, 

mmHg 

c i mmHg 

40 mmHg 

■ 46 mmHg 


Source; Muir WW, Ul h Hubbell JAE: 1989, Acid- base balance and blood gases. In: Handbook &f 
Veterinary Anesthesia. , 191-201. St, Louis: C.V Mosby Company. 
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Table 10.4, Diseases and con di tions that cause respiratory acidosis {hypowntilationj 

Inhibition or dysfunction of medullary respiratory center 
Drugs: anesthetics, sedatives, narcotics 
Brain stem disease (trauma, infection, neoplasia, etc.) 

Alkalemia due to a metabolic alkalosis 

Inhibition or dysfunction of respiratory muscles (diaphragm, chest wall;): tick paralysis, 
tetanus, botulism, myasthenia gravis, hypokalemia, succinylcholine 
Upper airway dysfunction: foreign body, vo minis 
Impaired gas exchange at pulmonary capillaries 

Pulmonary disease; infection, allergy, neoplasia, hyaline membrane disease in neonates 
Restrictive disease: pneumothorax, pleural effusions, diaphragmatic hernia 
Mechanical hypoventilation 

Note: During their first 1-2 hr, neonatal loah may have higher PCO, value* than adult horses. (Stewart 
JH, Rose RJ, Barko AM. 1984, Respiratory studies in foals from birth to seven days old. Equine Vet J 
16:323-328). 


C. Disorders and pathogeneses (see "I able 9.9 and associated text) 

1. Loss of H* from body 

a. Gastric loss: vomiting, pyloric obstruction (functional or mechanical) 

b. Renal loss 

(1) Loop or thiazide diuretics 

(2) Secondary to respiratory acidosis 

(3) Hypokalemia 

2. Shift of H* from ECF to TCF due to hypokalemia 

3. Administration of sodium bicarbonate or organic anions that generate HCOf 

4. Contraction alkalosis: loss of HCOj -poor fluid resulting in hypovolemia and 
increased plasma [HCOy] (see Chap, 9) 

D. Physiologic response 

1, In non renal disorders associated with metabolic alkalosis, the kidneys are expected to 
decrease the secretion of H* (exception: see paradoxical aciduria (discussed below j) 
and conserve less HCOp. 

a. With increased plasma [HCO, h the amount of HCOy that enters the filtrate 
may exceed the capacity of the proximal tubules to conserve it. 

b. Excess HCOy will be secreted by intercalated cells (Type B) of the distal, nephron, 

2, Alkalemia inhibits the central respiratory chemo receptors and thus causes hypoventi- 
lation. Hypoventilation decreases the excretion of CCh (thus elevates the blood PcoJ 
and increases the [H*] (compensatory respiratory acidosis). 

3, “Paradox icaf aciduria 

a. When an animal has concurrent alkalosis, hypochloremia, and hypovolemia, the 
kidneys may produce acidic urine (see Figs. 9,3 and 9,4). 

(1) Hypovolemia stimulates the resorption of Na* and Cl In the tubules through 
the actions of aldosterone and angiotensin IL 

(2) Na f resorption is not always accompanied by Cl' (because of Cl r depletion) 
and thus an electrochemical gradient is established that promotes the secretion 
of H 4 (thus aciduria) and K% which contributes to a concurrent hypokalemia. 

(3) The secretion of H* by tubules also increases the generation of HCO s * which 
adds to the seventy of the metabolic alkalosis, 

b. It is seen most frequently in cattle but also may be seen in other mammals. 
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b. Strong anions (Cl", SCXp', lactate, acetoacecate, (l-hydroxy bury rate, and other acidic 
products of metabolism)’ Strong anions (e,g„ Cl") arc considered acids because 
when added to ECF and if there is not a balancing shift of a strong ion Cog,, add 
Na* or remove lactate}* then H* shifts into the ECF to make it more acidic. 

2* An acidosis is a condition in which there is an excess of strong anions (“acids”) or a 
deficit of strong cations ("bases”). 

3, An alkalosis is a condition in which there is an excess of strong cations (“bases") or a 
deficit of strong anions (“acids”)* 

4. Weak electrolytes are those electrolytes that are in equilibria in physiologic fluids. 

a. Weak ca no ns: N R* % H\ some 7 -gl obu I i ns 

b. Weak anions: HCOy, CO/% PO* 1 ”* HPO* 2 ",, HjPO^ and proteins (mostly 
albumin) 

3. A (U f is the sum of the nonvolatile weak acids (HA +■ A"). In plasma, these occur as 
various anionic forms of PO4 and albumin. 

6. sn\„ is the difference between the sum of strong ion concentrations; i.e., the differ- 
ence between the sum of strong cation concentrations and the sum of strong anion 
concentrations, 

7. By rearranging Eq. 1 0.5. a, it is shown that SID [riu . also equals the difference between 
the sum of weak cation concent nu ions and the sum of weak an ion concentrations 
(Eq, lG.5,b), an important concept for interpreting calculated SID values. 

C. Using the same concepts as Stewart. 5 * Singer and Hastings 1 * defined buffer base, which is 
identical to Stewarts S!D. ; 

III, SID equations 

A. S1D 1IUC (Eq. 10. 6, a) i 11 This equation is consistent with the SID definition but is not use- 
ful because concentrations of many analytes in the formula are not measured in clinical 
laboratories. 

S 1 D rrur = (su m of si tong cat ion s) - (sum o f strong an ions) ( 1 0 . 6 + a t ) 

* ([Na + ] + [K 1 ] + [f£a :+ J + [fMg 2+ 1) - ([CP ] + [uSA" 1) 
uSA includes SO, . lactate, acetoacetate, JS - hydroxy butyrate, 
other acidic anions of metabolism, and exogenous anions, 

SlD mml = ( [Na* ! + 1 K * )) - |cr 1 ( 10.6.b.) 

= Ihkrj.i IVMin^l “ lo.rm.rcd (10.6.C-) 

where [CI'U^ -[CT}^ x 

[Na 1^ 

and the “mean normal 1 con cen nations of Na" and O” are for rhe 
appropriate reference intervals for the patient's values 

B* SID, (Eq. 10,6,b):^ This equation estimates the SID by using strong ion concen- 

trations that are routinely measured in scrum or plasma. Note that if does not include the 
concentrations of fCa-R IMgR or uSA\ This is probably one of the more common clini- 
cal SID formulas. 

C SID t p f , H: ^ imjie (Eq. 10.6.C) 14 

I . The bas is of th e 1 Cl " \ im rcL(r d is that changes in [Na + ] are expected to be matched by 
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changes in [Cl'], By calculating a jCL] 4 . orret , Ecl based on relative changes in [Na*h then 
one assumes that any additional change in SiP Jwmwiin!lls is due to changes in other 
anions (i,e.» HCOj‘> albumin, P0 4 , or “other strong anions’), 

2, The equation is based on assumptions and estimations and thus is prone to be 
inaccurate, A major assumption is that all animals start with a mean [Na*j of a 
“normal" animal. Based on actual distribution of }Na^] in healthy animals, such 
an assumption is rarely true. There is also an assumption that a “mean normal” 
concentration for one laboratory will apply to other laboratories. Again, this assump- 
tion is typically not true. II the formula is used, then a “mean normal” concentration 
appropriate for the laboratory method (same as used for patient's [Na + ]) should 
be used. 

D. Other 51 D formulas have been proposed that include some but not all of the strong 
ions. 11,3 " Also, there are not standardized names for SID formulas and eHus SID informa- 
tion should be interpreted carefully. For example, some formulas contain |fCa 2 *l> 

[fMg-*], or lactate concentration but not acctoaceiate or p-hydroxybutyrate concentra- 
tions. Reference intervals for estimated SID values and possible causes for abnormal 
estimated SID values will vary depending on the analytes that are of are not used in the 
formulas. 

IV. Comparison of SID formulas 

A. The relationship between SID mw and SID nKllured is shown in Eq. 10.7. 

Given Eq. 10. 6 .a, and 10.6.b., (1 0.7,) 

SID, ruc = SJD_ ufrJ + (IfCa * ] - [fMg ?+ 1 ) - [uSA “ ] 
or SID_ im1 = S\D iim - [fCa u ] + [fMg 2+ ]) + [uSA“] 

1 . is a good approximation of SJD criW if concentrations of fCa-\ fMg 2 *, and 
uSA r are small. 

2, However, when there is a high [uSA'J such as occurs in lactic acidosis or ketoacidosis, 
the S[D mfJluir j value will be greater than the SlD lruc : i.e.. the SlD niaiUK4l overestimates 
the SID ( , ur , 

B. Ii is more difficult to compare SID ipprL , sinutc with the other SID formulas. However, the 
SID ipprL1]!1MULr would also overestimate the STD^ it there were an increased [uSA - ]. 

C. The changes that occur in the SID values that result from changes in weak acid concen- 
trations can be seen by examining Equations I O.S_a — 10.8.F, As shown in Eq. 10,8.e, 
changes in SlD lMBBUK j occur when the sum of [HCO/b [Alb*"]* [FOf], .and [uSA] 
changes. 

Given Eq, I0,5,b, and 10 A a,, 

SiD i[m = ((OH” ] + [HCO," J + [CC) 3 : " ] + ( AlbH + fPO/' ])-([H t }+ [NH 4 + 1) (10. 8. a.) 

Because typical plasma concentrations of OH , CO. »H‘. and NH 4 are relatively small, 

SID,„, C = [HCO,"]+ [Mb' ] + |PO," 1 (10.8.k) 

Given [Mb'" [ + [PO, ! ~ ] =* [A, t)r ], 

= [HCOj* ]+ [A lor ] 

Given Eq, 10,7 and that tvpical plasma [fCa J and 'fM«' ] are relatively small, 
SID,„,-SID_^ -[uSA‘1 


(10.8. c.) 

(10.8.d.) 
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Given Eq. tO.B.k and LO.kd., 

StD lhrtsufcd -(uSA^]-[HCO,“]+ [AlbH + [PO/“] 
of SID m _ » [HCO.,“] + [Alb"-] + IPO/" ] + luSA“] 

In terms of A nvl , 

SI'D, s fHCOj, I + [A lW ] + [ySA " ] 


V. Interpretation of abnormal SID j values 

A. According to Stewarts method and definitions, changes in SlD tflit result in either the cre- 
ation of an alkalosis or acidosis. Based on the definitions and the calculation of 

SID.,. , i , the major types of acid -base disorders are listed in Table 10.7, 

B, Based on the definitions, changes, in concentrations of two ions may result in a mixed 
acid-base disorder; e.g., concurrent hypernatremic alkalosis and hyperalbuminemic aci- 
dosis. The concurrent alkalosis and acidosis in the Stewart method raises the question of 
whether there is noSlDosis. 


Table 10.7. Classification of acid-base disorders from Pco,, A, y:(T , and SID 


Expected 


Change in 
independent 

variable 

Change in 

measured 

analyte 

Classification 

dependent 
variable change 
[HCOfJ pH 

Pen, 

i 

i Pco> 

Respiratory alkalosis 

WRI 

T 


r 

T Pc :Oj 

Respi ratory acidosis 

Ml 

i 

Aim 

t 

T album in* 

Hype ralb urn inemic acidosis 

i 

4 


t 

T PCX, 

Hyperphosphatemic acidosis 

i 

i 


i 

4 albumin 1 * 

Hypoalb u mi ncm ic al kalos is 

T 

T 

SID, / SUV 

T 1 T 

T Na* 

Hypcrnatrcmic or contraction alkalosis' 3 

t 

t 


t/t 

i Cl 

Hvpoch lore mic at kalosi s 

t 

T 


1 1 i 

l Na* 

Hyponatremic or dilutional acidosis 

4 

4 


III 

T Cl ' 

Hype rch to rem ic acidosis 

i 

i 


T t will 

None* 

Metabolic acidosis and T (uSA]t 

4 

4 


l / T 

Variable 31 

Metabolic acidosis and T [uSA'j 1 

i 

i 


* If hyperproteinemia, then hyperptoreinemic acidosis, 

b 11 hypopnoteincmia, then hypoproteinemic alkalosis, 

1 SID, a sn:> trac ; 5ID m « 5TD Bl ^ ltrtl , 

J With loss of free water, [Na 4 J and fCl' J increase proportionately but [Na + ] increases more than [Cl j on 
an absolute basis. Therefore, SID increases (but mildly). 

r Opposite explanation of hypernarremic alkalosis. 

' Concentrations of Na + , K*, and Cl" are alt \VRj. 

• Because the SID t is WRh the acidosis would be recognized only if it is known that either a 4 

iHCQyi or an T anion gap (which indicates T (uSA"]) is present, 

b Could be found in hyponatremia., normonatremic, or hypernarremic animals; rhe SID,. . ,, lllpll is increased 
because rhe difference between [Na + + JO] and [Cl 1 is increased. 

'The acidosis would be recognized if it is known that ei ther a 4 [HCO, J or an T anion gap (which indi- 
cates [uSA J) is present. 
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Table 10.8. Diseases and conditions that cause hypoxemia 


Decreased in haled 0 2 con tent: high altitude, dosed ventilation area 
Impaired respiratory exchange: respiratory obstruction, hypoventilation 

Decreased alveolar function: pneumonia, emphysema, pulmonary ventilation -perfusion imbalance, 
right~to- left shunt, congestive heart failure, neonatal respiratory distress syndrome 

Note Compared to adult horses, neonatal foals have lower Pen, higher Pccn, higher HCO,~, and slightly 
lower pH values because of underdeveloped lungs, 


VI, As recommended by same authors, SID values should be interpreted with routine blood gas 
values (pH, Pco,, fHC0 3 "]) to determine if the animal has an add-base problem and if it is 
respiratory or nonrespiraiory (metabolic). 13,1 * If it is a non respiratory' acid-base disturbance, 
then i he contributions of nonbicarbonate electrolytes can be explored with Stewarts 
method, 

VII. Prior to the proposed use of the strong ion theory, an understanding of an animals acid-base 
and electrolytes disorder was obtained through the interpretation of pH, Pco,, [HC0 3 ")» 
BEjj, [Na*|, IK*!, [CL], anion gap, and albumin concentration (see Acid-Base Abnormalities 
section above and Chap, 9), Evaluation of such information has and will provide an under- 
standing of an animals pathologic state, 

HYPOXEMIA 

I, Hypoxia (decreased oxygen delivery or utilization of 0 2 by tissues) may be due to hypox- 
emia (decreased dissolved 0> in blood; decreased Pod or other causes. 

A. Hypoxia due to hypoxemia (Table 10.8), 

1 . Atmospheric hypoxia: inhalation of atmosphere that has decreased Q : content (e.g„ 
high altitude, anesthetic problem, in an air-tight box) 

2. Tidal hypoxia: decreased 0 2 uptake because of impaired respiratory exchange (e,g„ 
respiratory obstruction, hypoventilation due to anesthetic agents) 

3. Alveolar hypoxia: decreased D> uptake due to decreased alveolar function (c%g„ pneu- 
monia, emphysema, pleural effusion, or intrapulmonary exudates) 

B. O rher causes of hy pox i a ind ude the fol lowing: 1 51 

1, Hemogiobic hypoxia: decreased 0 2 bound to Hgb (e.g., methemoglobinemia, carbon 
monoxide poisoning or decreased Hgb (e.g., anemia), (Note: There will be decreased 
blood oxygen content but the blood P,o_. will not be decreased.) 

2, Stagnant hypoxia: increased 0 2 use by tissue because of poor blood circulation (e.g., 
shock, blood vessel occlusion, hyperviscosity syndrome) 

3, Histotoxic hypoxia: defective 0 2 use by tissues because of interference with metabolic 
pathways (c,g,« some drugs, alcohol) 

4, Demand hypoxia: increased 0 2 demand by hyperfunctioning cells (e.g,, hyperthy- 
roidism, pyrexia) 

II. Expected Po 2 

A. Arterial blood is the only acceptable sample for the assessment of oxygenation of blood 

by the respiratory system. The expected P a 0 2 varies with the FiO,, the 0 3 con rent of the 

inhaled gas. (FiCb in decimal fraction, P/Y in mmHg): (0.2, 95-100), (0,3, 150), (0.4, 
200). (0.5, 250). (0,8, 400), (1,0, 500) « 
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B« For room air, the FiQ 2 is near 0.2 ami thus a P s o, of 90—100 mniHg, is expected. Some 
authors consider a f*A < 80 mmHg to be hypoxemia. l<f Hypoxemic stimulus of 
chemorecepcors is reported to occur when Ppj < 70 mmHg M or < 60 mmHg. 11 

C. With the increased use of pomt-of-care instruments that have Oj electrodes, more P v o 2 
values are being measured. In free-flowing venous blood in an animal with a P 4 g, near 
95 mmHg, the P v o> will be near 40 mmHg. If the sample is collected from an occluded 
vein, the P.,o ; , will be lower [f collected from capillary blood, the ?0 2 should be between 
the P a 0 3 and PA values. 

D. Compared to the adult horse, the foal at birth has lower PA (<: 40 mmHg) and higher 
FAb values {> 50 mmHg} during its first few hours. The P 4 o, and P 4 C0 2 slowly change 
to adult values by 4-7 days of age. 12 

E. POt is a. measure of the tension created by dissolved 0 ; in the plasma and is not depend- 
ent on blood [HgbJ* With anemia,, there will be less 0> in blood (blood 0> content 
decreased) and there may be less CX delivered to tissues (thus hypoxia may be present), 
but the PO, will be WRI as long as lungs can properly oxygenate the blood. 

Ill SpOj 

A. A decreasing SpG a typically indicates the development of hypoxemia but only when, the 
P a o 2 is less than 90 mmHg With greater RO> such as occurs during anesthesia, greater 
PA values are expected, ‘Because of the shape of the oxyhemoglobin dissociation curve, 
falling S/y, values may not be detected until the pa is less than 90 mmHg, which 
might be considerably less than expected for high FiCX values. 

B. Erroneous values- 1 

L With increasing concentrations of COHgb (as in carbon monoxide poison ing), the 
SpOj remained above 90% even when CKHgb percentage decreased to 30% because 
the oximeter perceived COHgb to be ChHgb. As shown in Eq. 10.4.b, the QJdgb 
percentage will decrease with increased concentrations of COHgb or MecHgb. 

2. Similar but less severe interference was seen with increasing concentrations of 
MetHgk 

C In horses, the SpO> underestimated the S a O> when S a O> > 90% by an average of 4,4% 
and. overestimated the SA when SjG, < 90% by an average of 4, The errors might 
lac due to different properties ot equine blood compared to human blood, 

D. In dogs with S a D 2 «£ 70%, the average difference between SpO, and S a D, was about 
3%-4% (e.g., Sp0 2 of 87% and S a 0 2 of 90%), depending, on application site {tongue or 
tail) and type of probe (ear or finger). The reason for the difference is not known 3 
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Table ILL Abbreviations and symbols in Chapter II 



symbol in tables to indicate relatively common disease or condition 

M 

concentration of x; x = analyte 

1.25-DHCC 

1 , 25 -d ihydroxycho lecalcife ro! (calci triol) 

24,25-DHCC 

24 , 25 -d i hydro xycho Iccalc iferol 

25-H CC 

25 -hyd roxvcholecalc i ferol (calcid iol) 

ATPase 

adenosine triphosphatase 

Ca 2 * 

calcium 

ECF 

extracellular fluid 

fCa i+ 

free ionized calcium 

fMg 2 * 

free ionized magnesium 

GFR 

glomerular filtration rate 

GH 

growth hormone 

HHM 

humoral hypercalcemia of malignancy 

1CF 

intracellular fluid 

Mg 2 - 

magnesium 

Pi 

inorganic phosphorus 

po 4 

inorganic phosphate (all forms) 

PTH 

parathyroid hormone 

PTHrp 

parathyroid hormone- related protein 

SI 

Systfcmc international d’ Unites 

tCa 2+ 

total calcium 

tMg 2+ 

total magnesium 

URL 

upper reference limit 

WRI 

within reference interval 


TOTAL CALCIUM 0OO) CONCENTRATION 
I. Physiologic processes 

A. Serum or plasma Ca 2 * is distributed into three major fractions. .All Ca 2 * in body fluids is 
ionized, but some is free and some is bound to anionic molecules. 

1. fCa 2 *: about 50% of [rCa 2 *!; present as free ions in plasma H 2 0; the portion of tCa 2t 
that is hormonally regulated and contributes to pathologic states 

2. An ion -bound Ca * 

a. . Bound to anionic proteins: About 40%-45% of tCa 2 * is bound ro negatively 

charged sires on proteins (4 times more to albumin than globulins). 1 Since bind- 
ing is charge-dependent, changes in blood pH slightly alter Ca 2t binding and thus 
slightly alter distribution of Ca 2 * between bound and free fractions. 

b. Bound to nonprotein anions: About 5%— 10% of tCa 3 * is bound to citrates, FCfo 
lactate, and other small, diflfusable anions. 

B. Major factors that determine serum {tCa 2 *] {Fig. 11.1) 

1 , Age: Young dogs {6—24 weeks old) have serum [tCa 2 i about 1-2 mg/dL greater than 
mature dogs. 2 Young foals (1—60 days) have serum [tCa 2 *J similar to adult values. 3 
Kittens (4—6 weeks to 20—24 weeks old) have scrum [tCa 2 *] similar to adult values. 4 
Age-related data were not found for calves. 

2 . Because serum Ca 2 * concentrations in common chemistry profiles represent [t:Ca 2 i» a 
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Fig* ILL Relationships of Calcium, kinetics and the production of PTH and L25-DHCC. (+ is positive 

effector f Stimulates the process]? - is negative effector [inhibits the process); Ca J ‘/Pr is calcium hound 10 pro- 
tein? Ca 2 */A" is calcium bound to nonprotein an ions.) 

* Ca J * is present in plasma in three forms: fCa*’, Ca 2 * hound to proteins, and Ca 2, bound to small anions 
such as citrate and P0 4 . 

■ PTH production in parathyroid glands is stimulated by i ffCa 2 *] and i [L25-DHCC] and inhibited by T 
[f£a 2+ ] and! IL25-DHCC]. 

* Conversion of 25-HCC to L25-DHCC in kidneys is catalyzed by ]« -hydroxylase. The activity of lflt- 
hydtmylasc is promoted by -1 (fCa 2+ J and 1 [PTH] and inhibited by [fCa 2+ ] and T [PO^J. 

* Ca 2 * mobilization from bone and Ca'“ absorption in intestine are promoted by T [1,25-DHCQ and t 
[PTH] {less Ca 2 * mobilization and absorption occurs if there is *1 {1,25-DHCC] or J, [PTH]). 

* Urinary excretion of Ca 2- is enhanced by T ffCa 2+ J and excretion is reduced by i [fCa 2- ] * T [PTHJ, and T 
U5-DHCC (increased excretion of anions may obligate Ca 2 * excretion and thus decreases .fCa 1 '.), 

(Note? Horse kidneys lack la-hydroxylase and thus do not form L25-DHCC.) 


decrease in serum: protein concentration (especially hypoalbuminemia) causes a 
decrease in the bound Ca I+ and thus may cause hypocalcemia. 

3. Absorption of Ca 2 * in intestine (mostly in ileum, but from duodenum to colon) 

a. In dogs, cats* and cattle, intestinal Ca 2+ absorption requires vitamin D to induce 
mucosal epithelial cell synthesis of Ca :+ - binding proteins, PTH activity augments 
vitamin D actions to increase Ca 2 * absorption, mostly by stimulating L25- 
DHCC production, 

b. Based on renal failure studies in horses, Ca 2 * absorption in the equine intestine is 
not as dependent on vitamin D and is more dependent on the amount of dietary 
Ca 2 *** Equine kidneys lack let-hydroxylase (thus do not convert 25-HCC to 
1,25-DHCC) but can produce small quantities of 24,25-DHCC fh 

4 * Resorption from or deposition of Ca 2 * in bone 7 
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a, PTH stimulates Ca 2 ’ -pumps in the osteocyte membrane system that promote 
movement of Ca 2 * from hone to bone fluid to ECF, Secondarily PTH induces 
osteoblasts to change shape and allow osteoclases to contact bone matrix, or to 
release substances that stimulate osteoclasts to degrade bone by enzymatic diges- 
tion and acidification,* 

b, Vitamin D either promotes osteoclastic activity or permits osteolytic cells to 
respond to PTH activity 

e. Calcitonin blocks osteoclastic osteolysis through direct changes in osteoclasts and 
by reducing activation oi osteoprogenitor cells. However* with continuous PTH 
stimulation, osteoclasts escape from the suppressive effects of calcitonin, 

5. Resorption of tCa 3 * from tubular fluid in kidney tubules' 1 

a. Ca’ - (free and bound to small anions) passes freely through, the glomerular filtra- 
tion barrier; protein-bound Or* should not pass through. About 66% of filtered 
Ca J * is resorbed passively in proximal tubules with a Na*-Ca 2+ cotransport system* 
25% in the ascending limb of the loop of Henie* and the remainder is resorbed in 
the distal tubules, PTH regulates only the distal fraction by activating a hormone- 
specific adenylate cyclase system. Vitamin D plays a relatively minor role by pro- 
moting Ca 2 * resorption through the formation of calbindin, a Ca^-bi riding pro- 
tein in the distal nephron. 

b. Angiotensin 11 stimulates the resorption oi Na* in the proximal tubules via a Na + - 
Ca 2 * cotransport system; Ca 2 * is concurrently resorbed. 

C Ca 2 * and PC> 4 interaction 

1. [fCa’*l and [POJ in plasma are great enough in healthy animals that Ca^PO^T 
complexes would form if there were not inhibitors present. ]n 

2, GT* X PO^: When the product of [tCa 2 *] and J Pi] (both in mg/dL) exceeds 70, 
metastatic mineralization of tissues (kidneys, lungs) tends to occur. 


IE. Analytical concepts 

A. Sample 

1. Serum is the preferred sample; heparinized plasma may be used in some assays. 

2. Blood anticoagulants that bind Ca 2 * (EDTA, citrate, oxalate) should not be used in 
samples for Ca 2 * assays. 

3. In people, prolonged venous occlusion during blood collection may increase ftCa 2 *] 
by 0.5-1 .0 mg/dU 

B. Common clinical assays are photometric assays that measure [rCa :+ | (free + bound), 

1. o-cresolphthalein assay: O-cresolphthalein reacts with Ca 1 ' to form a red complex, 

2, Arsenazo 111 dye colorimetric assay: Bound Ca 2 ' is liberated from anions and then 
Ca** reacts with Arsenazo HI dye to produce a colored complex. In some systems, 
aerobic sample handling may increase measured [tCa 2 *] by 0.4 mg/dL when the sam- 
ple's pH increases because of the loss oi CO,. 

C. Unit conversion: mg/dL X 0.2495 = mEq/L X 0.5 = mmol/L (SI unit* nearest 0,02 
mmol/L) LC 

D. Because a large portion of tCa 2 ' is protein -bound but the body regulates [fCa 2t ]» 

[tCa 2 *] may be decreased because of hypoproteinemia or hypoalbuminemia when the 
animal does not have a defect in regulating [fCa- + ). To estimate the effect of lower 
protein and albumin concentrations, correction or adjusting formulas have been 
proposed. 

1. Canine adjusted [tCa 3 *} considering albumin concentration (Eq. 11. La) 2 
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Can i n e ad ju $red [ iCa ' ' ] = meas tired | tCa * 1 — meas tired [alb umi n 1+3.5 (±1. 33 { 1 LI .a.) 

Example: If [tCa 11 3 » 8,0' mg ML & [albumin] =• 1 ,0 g/dL; 

Canine adjusted [tCa Jt ] = ft.O - LO + 3.5 (±1 .3} = 1 0.5 ± 1.3 * 9.2 to 1 1 .8 mg/dL 
Interpretation: If the dog was not hypoalbumincmic, its serum [rCa'"] would be 
from 9.2 to 11.8 mg/dL in 95% of canine samples. 

Canine adjusted ( tCa ' J = measured [ tCa ' ' | — (0.4 x measured [' l‘l\ J + 3.3 (± 1 .6) [11.1 Jk) 

Example: If [tCa** 1 — 8.0 mg/d L & [TP] = 4.0 g/dL; 

Canine adjusted [tCa ' | = 8.0 — (0.4 X 4.0) + 3.3 (±1 .6) = OT ±1.6= 8.1 to 11 .3 mg/dL 
Interpretation: II the dog was not hypop rotein emic, its serum [tCa ' 1 would be 
from 8. 1 to 1 1.3 mg / dL in 95% of canine samples. 

a. Some authors do not include the 11 ± L3»" which is an estimate of the 95% confi- 
dence interval of the published data. 

b. The formula should be used cautiously for three reasons: (a) the adjusted [tCa 2 *; 
is at best an estimate; (b) the formula was generated using canine tCa 2 * and albu- 
min concentrations determined by one set of assays and an identical formula 
would probably not be obtained if other assays were used; (c) the formula docs 
not consider the variations in Ca 2 - binding to globulins, Ca 2 * is bound w albu- 
min and some globulins. The relative amount of Ca’* bound to albumin and 
globulins varies with different album imglobul in ratios; e.g M samples with pa.nh.y- 
poprotememia versus those with hypoalbuminemia and hypergfobulinemia. 

2. Canine adjusted [tCa 2+ ] considering total protein concentration (Eq. ll.l.b.) 

a. Some authors do not include the * L ± 1.6," which is an estimate of the 95% confi- 
dence interval of the published data. 

b. Even though the formula does include total protein concentration it should be 
used cautiously for reasons mentioned above. 

3. Other investigators have found statistically significant correlations between (albumin] 
and (tCa 2 *] in dogs, cats, horses, and cattle, but the correlations were weak, especially 
in cattle. 6 - 13 Although the general principle that fcCa 2 *] varies with [albumin] is true, 
the weakness and variation in the relationship among individuals suggests that rigid 
correction formulas may not be appropriate, especially in cattle, 

4. It is recommended that the potential effects of dyspmteinemia be considered when 
interpreting [tCa 2 ff If the formulas for adjusting the measured concentrations in 
canine sera are used, the calculated values should be considered only rough approxi- 
mations. 

III. Hypercalcemia (Table 1 1.2) 

A, Increased Ca 1+ mobilization from bone or absorption in intestine 
L Increased 1FTH] or IPTHrp] 

a . Primary h ype rpa rathy raid ism 14 * 16 

(1) Parathyroid adenomas or carcinomas secrete PTH that stimulates Ca’* resorp- 
tion from bone and increases Ca-* absorption in the intestine. Renal excretion 
of Ca 2 * may be increased because hypercalcemia causes an increased filtered 
load (more filtered than can fie resorbed even with increased PTH activity) 
but not enough to prevent hypercalcemia. 

(2) Hypophosphatemia is expected because PTH is a potent phosphaturic agent, 

1! there is a decreased GFR, there may be normophosphatemia or hyperphos- 
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cd with malignancies in bone. The hypefcakemic agents may be working locally 
or system ically and may include interleukin- 1, tumor growth factor, and tumor 
necrosis factor. 1 ® 

b. [Pi] may be within reference intervals or increased. 

B. Decreased urinary excretion of Ca 2 * 

L, Renal insufficiency or failure 

a. Horses with some acute or chronic renal diseases 

(1) In health* equine kidneys excrete excess dietary CT\ Renal disease that causes 
decreased GFR results in impaired renal excretion of Ca 2 * and thus hypercal- 
cemia, 41 Lowering dietary Ca 2 * in Like by switching from alfalfa hay to grass 
hay can reduce or eliminate the hypercalcemia but the impaired GFR 
persists. 42 Alfalfa hay can contain 2-10 times the Ca 2 * content of grass or 
mixed hay. 1 ■ 

(2) Hypophosphatemia may be present. 

(3) Horses with hypercalcemic renal failure have decreased [PTH].* 4 
h. Dogs and cats with acute or chronic renal disease 

(1) Occasional dogs and cats with acute renal failure are hypercalcemic. The 
hypercalcemia may be due to increased concentration of Ca J+ bound to cit- 
rate or P0 4 . 

(2) 10%-1 5% of dogs with chronic renal failure are reported to be bypercal- 
cemic, which may be due to binding of Ca 2 * to retained anions. However* 
most dogs with chronic renal failure have low- normal to mildly decreased 

[tCaH 

2. Canine hypoadrenocorticism (Addisons disease) 

a. About 30% of dogs with hypoadrenocorticism are hypercalcemic, ' 4 - 

b. Adrenalectomized dogs decrease Ca 2 * excretion by excessive tubular resorption of 
Ca 2 *A (1 The reason for enhanced tubular resorption is nor established but may 
involve angiotensin IL When the dog with hypoadrenocorticism becomes hypov- 
olemic due to vomiting, diarrhea, or impaired renal concentrating ability* 
angiotensin II activity increases. Angiotensin II promotes NV resorption in proxi- 
mal renal tubules via a Na*-Ca 2t cotransport system^ Thus* enhanced resorption 
of Na* may also promote the proximal tubular resorption of Or* and cause 
hypercalcemia. Concurrent he moconcem ration itself may slightly increase serum 
[tCa :+ ]. 

3* Thiazide diuretics: Thiazide diuretics act i n the distal nephron to promote hyperna- 
rruria and, secondarily* volume depletion. Hypovolemia promotes enhanced proximal 
tubular resorption of Ma + and, secondarily, proximal tubular resorption of Ca 2 *. 9 This 
form of hypercalcemia is rarely reported in domestic animals but does occur in 
dogs, 47 

C Increased protein-bound Ca 2 *: In some cases of marked hyperproteinemia associated 
with multiple myeloma* there is an increase in negatively charged globulins that bind 
cations including Ca 2+ * When fCa 2 * associates with proteins, the [flCa 2 *) transiently 
decreases and there is compensatory release of PTH to increase [fCa 2 *] ► The net result is 
increased (rCa 2 *] and RCa 2 *] WRJ. 

D. Other or unknown mechanisms 

1 . Intravenous infusion of Ca 2 *: if the race of administration exceeds the rate of renal 
excretion 

2. Hemoconcen urario n: If hypercalcemia occurs, expect it to be a mild hypercalcemia and 
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associated with increased protein-bound or small anion-bound Ca 2 \ It may also be 
related to angiotensin II— stimulated transport of Na* and Ca 2+ in proximal tubules. 

3, Juvenile-onset hypothyroidism: 48 may be due to increased intestinal absorption and 
decreased renal excretion of Ca i# 

4, Retained fetus and endometritis in a dog 49 

IV. Hypocalcemia (Table 11.3) 

A. Hypoalbuminemic hypocalcemia (hypoproteinemic hypocalcemia)^ 

1. Hypocalcemia res tilts from a decreased concenrrarion of negatively charged proteins 
and therefore of protein-bound Ca i+ ; regulation of [fCa i+ ] would be adequate in 
these animals unless there is a concurrent defect in regulation of [fCa 2 *]. 

2, It has been called pseudohypocalcemia because there is not a decrease in [fCa Jt ] and 
clinical signs of hypocalcemia do not occur However, the animal truly has hypocal- 
cemia when the [ tCa 2 *] is lower than the appropriate reference interval. 


Table 1 1 3. Diseases and conditions that cause hypocalcemia 

* Hypoalbu minemta (hypopro reinem i a) 

Decreased PTH concentration or activity 

Primary hypoparathyroidism (damaged parathyroid gland) 
Pseudohypoparathyroidism (decreased PTH receptor responsiveness) 
Hypomagnesemia (bovine grass tetany) 

Inadequate Ca 2t mobilization from bone or absorption in intestine 
Hypovitaminosis D 

"Chronic renal, disease/ failure in dogs, cats, and cattle 
Dietary vitamin D deficiency (rare) 

Exocrine pancreatic insufficiency (dogs) 

"'Pregnancy, parturient, or lactational hypocalcemia (milk, fever, puerperal tetany) 
Hypcrcakitoiiiim: thyroid C-cell neoplasia, iatrogenic (calcitonin therapy) 
Nutritional hypocalcemia (rare) 

Oxalate Toxicity 

Excess urinary excretion of Ca 2 * 

Ethylene glycol toxicosis (dogs and cats) 

Intravenous HCOy infusions 
Futosemtde treatment 
Ca 2 * binding with difiusable anions 

Ca 2 ^binding anticoagulants: EDI A, citrate, oxalate {in vim or in vino) 

Tetracyd i ne adm i n istrari o n 
Other or unknown mechanisms 
"Acute pancreatitis in dogs 
Urinary tract obstruction 
Acute renal failure 
Phosphate enemas in cats 
Blister beetle poisoning (caniharidiasis) in horses 

Myopathies: transport tetany, exertional rhabdomyolysis, malignant hypothermia. 

endurance-type exercise 
Acute tumor lysis syndrome 

Rumen overload (acme carbohydrate ruminal engorgement) 
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(1,25-DHCC] 




1% 11*3- Schematic pathogenesis of secondary renal hyperparathyroidism in dogs, cats, and cattle. Shaded 

areas represent reference intervals for GFR or each analyte concentration. 

* Initial renal damage: The sequence of events described in Kg. 11.2 occurs to compensate for the decreased 
clearance of PQ, and inadequate activation of vitamin D. A new homeostasis in Ca : ' and PQ, balance is 
maintained by T FT H secretion. 

* Additional renal damage: As renal disease progresses and, more nephrons are lost, pathophysiologic responses 
recur which stimulate more PTH synthesis to attempt to maintain physiologic concentrations of fCa 2 % 

P 0 4 , and 1,25-DHCC. 

* Progressed to renal failure: Eventually, renal disease causes sufficient reduction in GFR so that serum [Pi] 
does not return to normal and insufficient 1,25-DHCC and PTH are made to maintain [fCa 2 *]. The ani- 
mal is presented with clinical .signs of renal insufficiency or failure, azotemia, impaired abili ty to concentrate 
or dilute urine, mild hypocalcemia, and hype rphosph item ia. 


(!) When seen, often associated with peak lactation and corresponding peak loss 
of Ca 2t in milk 

(2) May have concurrent hypomagnesemia and hypophosphatemia or hyperphos- 
phatemia 

c» Prepan urient hypocalcemia in queens 1 '" 

(!) Clinical signs (anorexia, depression, lethargy) occurred 3-17 days prior to 
parturition. 

(2) Three queens had decreased [tCa 2 *]: [J€a»*| was decreased in the one car in 
which ii was measured. 

4, Hypcrcalcitonism 

a. Hypercalcilonism is usually due io thyroid C-cell neoplasms that are uncommon; 
reported most commonly in older bulls with medullary thyroid neoplasms.* 6 
When associated with C-cell neoplasms, there is usually only mild hypocalcemia 
because: 

(1) Neoplasms are seen in older animals and their hones are relatively refractory to 
calcitonin (calcitonin does not inhibit PTH ‘Stimulated osteoclastic activity). 
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(2) Lowering of [fCa 2 *] causes a compensatory increase in PTH production that 
attempts to maintain physiologic (fiCa 2 |. 

(3) Marked hypocalcemia may occur if a C-cell neoplasm destroys parathyroid 
glands, causing hypercalcitonism and concurrent primary hypoparathyroidism, 

b. Excess administration of salmon calcitonin (used to lower ftCa®*) in hypervita- 
minosis D or HHM) could cause hypocalcemia. 

5, Nutritional hypocalcemia (nutritional secondary hyperparathyroidism) 

a. Occurs with vitamin D— deficient diets and when diets are not balanced for Ca 2 * 
and P0 4 ; i.e.* dietary Ca 24 :P0 4 ratio is lower than the desired ratio for the 
species. The diet causes the hypocalcemia; hypocalcemia stimulates parathyroid 
gland hyperplasia. Imbalanced diets may include excessive P0 4 (meat diet for car- 
nivores) and/or a relative or absolute deficiency of CaT The net effect is too 
much PO 4 in the body and too little Ca 2 \ 

b. When decreased [ft!a 2+ ] is present, it stimulates parathyroid glands to cause 
hyperparathyroidism. The increased P'1"H release tends to keep [tCa-*] near nor- 
mal at the expense of Ca 1 * content of bolus, and thus osteomalacia may be p res- 
en i, especially in young animals (bones of older animals are relatively refractory to 
PTH -stimulated osteoclastic activity), 

t% Degree of hypocalcemia depends on severity of dietary imbalance and availability 
of Ca 2 * from bones (more available in young animals initially), 
d. Renal PO* excretion is increased because of the phosphaturic actions ol PTH 
and, in some cases, the high dietary intake of PO v If measured, expect increased 
24 -hr PO 4 clearance and increased fractional excretion of P0 4 , 

6 . Oxalate toxicity 57 

a. Horses that eat plants that have high oxalate content but low Ca 2, content (fuffeh 
pangola, Setaria, kikuyu, rhubarb, Hahgemi, greasewood, soursob) absorb less 
dietary Ca 2+ and develop hypocalcemia. 

b. In ruminants, Hahgemn and curly dock {Rumex cri$pui) may cause 
hypocalcemia.^ 

c. Alfalfa has high oxalate content but ingestion does not cause hypocalcemia 
because alfalfa also has high Ca 2 * content. 

D. Excess urinary excretion of Ca 2 ' 

1. Ethyleneglycol toxicosis 

a. Products of ethylene glycol metabolism (including oxalates) bind Ca 2 * in renal 
tubular fluid and thus cause hype rcalci orb. Also, a high plasma oxalate concen- 
tration may result in intravascular formation of calcium oxalate crystals.'" 
k Acute nephrosis of the disorder may decrease tubular resorption of Ca-\ Mljhl 

2. intravenous HCOy infusions in cats 

a. Both [tCa 2+ ] and [fCa- + ] arc reported to be decreased in some cats receiving in era* 
venous HCOyA 1 

b. Pathogenesis of the hypocalcemia was not explained; possible mechanisms include 
decreased Ca 2 * resorption in proximal tubules because of Ca-* completing with 
excess HCOy, alkalemra resulting in decreased |fCa,**| t or increased renal Na* 
excretion causing concurrent hypercalciuria. 

3. Furosemide treatment: Furosemide directly inhibits Na' and Cl" resorption in the 
ascending limb of the loop of Henle and thus secondarily inhibits Ca 2 * resorption in 
the ascending limb because the passive resorption of Ca 2 * is dependent on gradients 
established by Na* resorption A * 5 
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PH is- abnormal. If so* results should be reported as normalized or adjusted 
[RLV'b It a patient is either acidemic or alkalemic, a normalized or adjusted 
(fCa-*) may he misleading because it docs nor represent the true [fCa 2+ ] in the 
sample. 

5. Anticoagulants for whole blood and plasma samples 

a. Heparin is the only acceptable anticoagulant lor measuring .fCa**] in blood or 
plasma samples, but heparin (a polyanion) does bind Ca 2t . To minimize preana- 
lyrical err on special calcium-titrated heparin tubes are recommended. If the spe- 
cial tubes are not available* then the heparin concentration should nor exceed 15 
U/mL of blood, 5,1 

(1) The [fCa 2 *] may decrease from 5%~50% by varying the amount of sodium 
heparinate (commonly called heparin) in the sample. 8 ” 

(2) The Ca-* content in the calcium-titrated heparin approximates the expected 

midpoint concentration of fCa 2 * in human plasma and should reduce the 
binding of patient fCa 2 * to heparin. However, the measured represents 

Ca‘* from the calcium- titrated heparin and Ca : ' in the patients plasma and 
thus appropriate reference intervals must be available, 

(3) Zinc heparinate was attempted as an anticoagulant, but the zinc interfered 
with the fCa i+ assay. 8 - 1 

b. Other anticoagulants that bind Ca ?+ (EDTA, citrate, oxalate) cannot he used in 
samples for fCa 2 * or tCa 2 * assays, 

6. It is recommended that [fCa 2+ ] be reported with special information: type of sample, 
site of col lection* measured [fCa 2 i* measured pH, and |[fCa 2 ’] converted to a sample 
pH of 7 .4. 83 

B, Common clinical assays 

1, Special instruments measure (fCa 1 *] using Ca 2+ ion-selective electrodes via poten- 
rio merry. If the instrument also contains a pH electrode, it may measure pH and 
adjust the measured [fCa 2t ) to a calculated [fCa 2t ] that would he expected if the pH 
of the sample was 7.4. 

2, Different sources of standard solutions may result in different measured [fGa 2 i* 

C. Unit: conversion' mg/dL X 0,2495 = mEq/L X 0,5 = mmol/L (SI unit, nearest 0,01 
rnmol/L) 1 1 

111, Ab n ormal concert t rations 

A, Disorders of tCa-" homeostasis are typically disorders of fCa 2+ and clinical signs or 
pathologic events reflect abnormal [ft a**]. 

B, Exceptions to the general statement involve disorders that change the bound-Ca 1 * con- 
centrations and not the [fCa ? *]. 

1 . Hypocalccm ia d us to hypop roteine m ia or hypoalb um l n e mia 

2.. Hypercalcemia In renal failure or multiple myeloma (Oa 2> bound to citrate* P0 4 , or 
abnormal globulins) 

3, In urinary tract obstruction in cats, decreases in [fCa 1 *] may be greater and more 
common than decreases in (rCa 2 *]; Ca i+ may Ire bound to P0 4 or ocher anions not 
excreted by the urinary system," ' 

4, Hyperthyroid cats may have a decreased [fta 2 *] but [tCa 3 *] WEI. The pathogenesis 
of the free hypocalcemia is not understood. The cats do have secondary hyper- 
parathy ro idism.** 

Horses after a cross-country race had decreased [fCa 2+ ] but [tCa’*) WRI, The lower 
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fig. 11.4* Relationships of PO* kinetics and the production of PTH and 1,25-DHCC, (+ is positive effector 

.stimulates the process! ; - is negative effector {inhibits the process].) 

* PTH production m parathyroid glands is sta mutated by X [fCa**] and 1 f 1,25-DHCC] and inhibited by 
[flCsr] and? [U5-DHCQ. 

* Conversion of 25-HCC to 1,25-DHCC in kidneys is catalyzed by 1 a-hydrcucytase. The activity of la- 
hydroxylase is promoted by X [fCa 1 *] and [PTH] and inhibited by T [fCa*+] and T f POJ, 

* PO* mobilization from bone is promoted by T 1 1,25-DHCC] and t [PTH]; less PO >s mobilization occurs 
with i U.25-DHCC] and X |PTH], 

* PO* absorption in intestine is promoted by T [1 ,,25-DHCC) and t dietary PO*; less PO* absorption occurs 
with X [1,25-DHCC] and X dietary PO,, 

* Urinary excretion of P0 4 is enhanced by T (PTH] and excretion is reduced by X GFR, i [PTH], and T 
1CH], 

* Insulin promotes the uptake of PO, by cells, however, cell damage will allow PO* to escape from the cells 
and enter plasma. 

(Note: Horse kidneys lack la- hydroxylase and thus do not form 1 ,25-DHCCJ 


ffCa 2 '] may have been due to several factors, including increased binding to albumin, 
increased binding to lactate, movement of GC* from ECF to 1CF, or loss of GG in 
sweat, 

INORGANIC PHOSPHORUS (Pi) CONCENTRATION 
] , Physiologic processes 

A. Pi exists in different forms depending on pH: IT.PO, H* + ITPO s «-* H + + HP0 4 2 " 

H 4 + P0 4 >\ At a pH of 7,4, predominant forms are H TO; and HP0 4 i_ in a 1:4 
ratio. Unless stared otherwise, all forms will be designated as PO 4 , About 10 % of Pi is 
bound to cationic proteins, 35% is bound to nonpiotein canons, and 55% is free . 1 

B. Major factors that determine scrum [Pi] (Fig. 11.4) 

1 , Penal clearance of PO* 
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Table 1 1 .4. Diseases and conditions that ca u se hyperphosphatemia 

Decreased urinary PC) 4 excretion 
^Decreased GFR 

Urinary bladder rupture or urine leakage into tissues 
Decreased fPTH] or activity (hypoparathyroidism) 

Acromegaly 

Increased P0 4 absorption from intestine 
Phosphate enema 

Increased vitamin D (seel able 11,2) 

Ischemic intestinal lesions (maybe also shift from IGF ro ECF) 

Diet with, low Ca^*;P0 4 ratio (rare) 

Shift of P0 4 from IGF to ECF 

Myopathies; endurance rides in horses , exertional rhabdomyolysis, malignant hyperthermia 
Acute tumor lysis syndrome 
Other or unknown mechanisms 
Hyperthyroidism in cats 

Osteolytic bone lesions 

Note: [Pi! in growing mammals may be up to 3 mg/dL greater than [Pi] reference intervals for adults, 
of the species, in vitro hemolysis or delayed removal of scrum or plasma from blood sample will allow' 
P0 4 from erythrocytes to increase the [Pi] in the serum or plasma - 


D, Methods of expressing concentrations 

1. | Pt] is often referred to as die phosphorus concentration. More accurately; [Pi] is the 
serum PCft reported as phosphorus in mg/dL. 

2, Expressing fP0 4 ] as a [Pi] can be confusing but should not be a clinical problem if 
appropriate reference intervals are provided, The basis of the conversion is as follows: 

a. I, mmol of H 2 FG 4 ‘ weighs 97 mg; in 1 mmol of H : POp there arc 3 1, mg of P; 
therefore 97 mg HjPO^'/dL yields 31 mg P/dL. 

b, 1 mmol of HP0 4 " weighs 96 mg; in 1 mmole of HPOp there are 31 mg of P; 
therefore % mg HPO^/dL yields 31 mg P/dL. Because of the equilibrium 
between the different PO >t molecules at a pH of 7*4 * 1 mmol of PCft averages 
about 96,2 mg/dL, 

E. Unit conversion for [Pip mg/dL X 0.3229 = mmol/L (Si unit, nearest 0,03 mmol/L) 11 

I1L Hyperphosphatemia (Table 11.4) 

A, Decreased urinary P0 4 excretion 

L Disorders that cause decreased GFR (see p re renal, renal, post renal, azotemia in Chap, 
8): Hyperphosphatemia occurs because P0 4 is not Filtered adequately from plasma; 
magnitude tends to parallel severity of azotemia in dogs, cats, and cattle, but it may 
not in horses* 

2, Urinary bladder rupture or leakage of urine into tissues; Hyperphosphatemia results 
from decreased urinary excretion of P0 4 from the body. 

3* Decreased [PTH] or activity (hypoparathyroidism or pseudohypoparathyroidism) 
(see Total Calcium Concentration, IV.B.l above). 

4, Acromegaly; GH increases tubular PCft resorption.^ 

B, Increased PCft absorption from intestine 
1 . Phosphate enema’ 1 ' 1 ™ 
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2. Increased vitamin D 

a , Hypervhaminosis D in ruminants: perhaps increased intestinal absorption of PGft 
or increased bone resorption 

b, Cholecalcifenol intoxication in dogs (see Total Calcium Concentration, UIA.2). 

3. Intestinal lesions requiring intestinal resection; Devitalized intestinal mucosa allows 
PO« to enter plasma {and peritoneal fluid); also shifting of PO 4 from ICF to EOF 
may be involved ,® 9 

4. Diet with low Ca i+ :P0 4 ratio 

C. Shift of P0 4 from ICF to ECF 

1 . Myopathies (endurance tides in horses, exertional rhabdomyolysix, malignant hyper- 
thermia): release of'PCft from damaged muscle tibers 74 ' 76 -'"" 

2 . Acute tumor lysis syndrome: release of P0 4 from necrotic neoplastic cells 77 

D. Other or unknown mechanisms 

1 Hyperthyroidism in eats; Thyroxine may promote osteoclastic activity to cause release 
of Ca 2 * and PCft from bone, Hyperthyroid cats may have hyperphosphatemia, 
decreased [fCa-’J.and increased 'PTH Id 54 

2 * Osteolytic hone lesions: Some dogs with lymphoma and myeloma have localized 
bone resorption and corresponding hypercalcemia. Bone resorption may be due to 
cytokines or inflammatory mediators {c.g„ I l.-fc TGF, prostaglandins) produced by 
the cells, or to locally produced P'THrp (causing local resorption but not causing 
Increased blood [PTHrp]), Other metastatic neoplasms are not recognized to cause 
hypercalcemia as commonly in domestic mammals as they do in people. 

1 V, Hypo ph osphatem i a (Tab le 1 1.5) 

A, Increased urinary PO* excretion 

Table 1 L5. Diseases and conditions that cause hypophosphatemia 

Increased urinary PO* excretion 
Prolonged diuresis 

Increased [PTHJ or [PTHrpl (see Table 11,2) 

Fanconi syndrome (dogs) 

Decreased intestinal P0 4 absorption 

"■prolonged anorexia or PO*-dcficicm diet 
PCft-bi tiding agents 
Hy povitam i no$i$ D 
I 11 testinal m alabsorption 
Shift of PO , 4 from ECF to ICF 

Hyperinsulimsm (endogenous or exogenous) 

Glucose infusion 
Respiratory alkalosis 

Defective mobilization of PO 4 from bone 

Postparturient paresis {milk fever) in cattle and eclampsia in bitches 
Other or unknown mechanisms 
* Equine renal disease (failure) 

Halo thane anesthesia iti horses 

Note: Conjugated bilirubin may interfere with sonic Pi assays to produce falsely increased or decreased 
results., 
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B, is beared in bones (about 60%), in soft tissues (about 38%), and in the extracellu- 
lar fluid, including blood Except in cattle, [tMg 2 *] in erythrocytes is greater 

than in plasma (or scrum), 

C, Major factors that determine serum |iMg 2 *] 

1 , Hypoproteinemia causes a decrease in bound Mg 2 * and thus may cause hypomag- 
nesemia, 

2 , Absorption of Mg'" in gastrointestinal tract 7 

a. In ruminants. Mg 2 * is absorbed by the rumen (and maybe intestine) in a process 
linked to Na + -K + - ATPa.se, 

b. In monogastric animals, Mg 2 * absorption occurs in the distal small intestine and 
colon and is enhanced by vitamin D and inhibited by high dietary Ca 2+ or P0 4 , 

3, Excretion 

a - Mr * in feces may represent unabsorbed dietary Mg 2, but also loss of endogenous 
Mg 2 *, 

b. Kidneys 

(1) Mg 2 * not bound to proteins freely passes through the glomerular hit rat ion 
barrier; thus, decreased GFRcan reduce renal excretion of Mg 2, and cause 
hype rmagnesem ii 

(2) If the amount of Mg 2 * entering the proximal tubules exceeds the tubular 
resorptive capacity, excess Mg 2 * is excreted, PTH, osmotic diuresis,, and loop 
diuretics increase renal excretion of Mg 2 ** 

(3) If Mg 2, is present in bovine urine, the cow is not expected to be hypomagne- 
semic because the presence of Mg 2 * typically indicates that transport maxi- 
mum has been exceeded, 

c. Mammary gland during lactation: The ratio of milk to serum (tMg 2t J is about 5. 

D, Hormonal regulation 

1. ADH, PTH, glucagon, calcitonin, and ^adrenergic agonists can stimulate Mg 2 * 
absorption in the cortical thick ascending limb of the loop of HenleA 

2. PTH can increase scrum [tMg 2 *] by increasing intestinal Mg 2 * absorption and 
increasing Mg 2 * resorption in renal tubules and bone."’ 

3. Administration of 1 ,25-DHCC reduces plasma (tMg 2 *), perhaps secondarily to 
decreased PTH activity, 97 

4. Thyroxine tends to decrease plasma [rMg 2 *| by increasing Mg 2 * excretion in urine 
and feces. w 

5. Aldosterone promotes increased fecal and urinary Mg 2 * excretion; aldosterone infu- 
sions may lead to decreased ruminal Mg 2 * absorption,"" Decreased aldosterone activi- 
ty leads to increased serum [tMg 2 *], 

II. Analytical concepts of [tMg 2 *] (serum or heparinized plasma) 

A. Sample 

1 , Serum is the preferred sample; heparinized plasma may be used in some assays, 

2, Blood anticoagulants that bind Mg 2 * (c,g,, EDTA, citrate, oxalare) should not be 
used in samples for [tMg 2 *] assays, 

3, Except in cattle* in vitro hemolysis or delayed removal of serum from blood dot will 
cause increased serum [tMg Jr J because Mg 2 * is Liberated into serum from erythro- 
cytes. In cattle, plasma and erythrocyte concentrations of Mg 2 * are similar. 

B, Clinical assays 

I. Common assays are photometric and measure ftMg 2 f. In these assays, metal- 
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Table 1 1 ,6. Diseases or conditions that cause hypermagnesemia 

Decreased urinary excretion 

''Renal failure and other causes of decreased GFR 
Shift of from ICF to ECF 
Active in vivo hemolysis 

Increased intestinal absorption of Mg J " without increased [PTH] 

MgO, Mg(OH)jj or similar antiacids/cathartics (cattle) 

Mg$0 4 (horses) 

Other or unknown mechanisms 
Milk fever 

Excess intravenous infusion of Mg- 1 ' 

Note: Pseudohypermagnesemia may occur from delayed removal of serum from blood clot. 


lochrornic indicators or dyes change colors when they selectively bind Mg 2 \ Atomic 
absorption spectrometry is the reference method but is not used in most clinical 
laboratories. 

2. [fMg 2 *] can be measured by ion 'selective electrodes or it can be calculated from 
tMg-* measurements before and after dialysis of serum to remove bound Mg 2 *. 
However, there is currently very little clinical use of [fMg 2 ~] results 

C, Unit conversion: mg/dL X 0.41 \4 = mmol/L; mEq/L X 0.500 * mmol/L (SI unit, near- 
est 0.02 mmol /IT 1 

III, Hype rmagnesem ia fl "ab Ic 11.6) 

A. Decreased urinary excretion: renal failure and other causes of decreased GFR 

B. Shift of Mg 2 * from ICE to ECF: in vitro hemolysis, active in vim hemolysis, or delayed 
removal of serum from blood dot will allow erythrocyte Mg 1 * to be added to the serum 
concentration (except cattle). 

C Increased intestinal absorption of M g- + without increased PTH 
E Excess oral administration of Mg 2 * in cattle (MgO, Mg(OH),) l<H 
2, Excess oral administration of Mg 2 * in horses (MgSO^) 103 

D. Other or unknown mechanisms 

1. Milk fever: Increased PTH may induce increased renal resorption of Mg 2 * leading to 
hypermagnesemia, Imj 

2. Excess intravenous infusion of Mg 2 * 

3. In people, Addisons disease and hypothyroidism may cause hypermagnesemia. 

Similar findings have not been reported in domestic mammals, 

IV Hypomagnesemia (Table 11.7) 

A . Hypop ro rei nem ia : decreased M g ' ■ bound to p ro tei ns 

B. Inadequate ruminal or Intestinal absorption of Mg'* 

L Prolonged anorexia or poor feed intake (especially in berating cattle) 

2. Calves on whole milk diet" 

3, Grass tetany in cattle: 7 -* 7 

a. The hypomagnesemia is considered to result from decreased ruminal absorption 
of Mg-*, but there are multiple theories for the absorption defect. 

b. Lush grass diet is high in P0 4 and KP content and low in Mg 2 * and Na*. In some 
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B, PTHrp is produced by many cells in feci and adults, but plasma [PTHrpJ is very low in 

healthy adults. 

Si. Analytical concepts 

A. Sample 

1, Because of rapid proteolysis of PTHrp, it is recommended that blood be collected 
into EDTA-tubes with m added, protease inhibitor (aproiinin or leupeptin). 

Separated plasma is analyzed fresh or shipped frozen to reference laboratories. 

2. Some laboratories, however, request serum samples be shipped on ice, 

B. Assays designed to measure human [PTHrp] (N-terminal) ate used for measuring canine 

[PTHrp], However the same assay is not valid for equine [PTHrp], 17 

111, Increased [PTHrp] in serum (see Total Calcium Concentration, Nf.A.l) 

VITAMIN D CONCENTRATION 

L Physiologic processes 

A r Formation of vitamin 0 

1. Cholesterol is converted to 7-dehydrocholeste ro I , which is converted by ultraviolet 
light to cholecalciferol (vitamin I T) Vitamin D- } can also be of dietary origin. 
Vitamin D 2 (ergqcalciferol) can be ingested in plants. 

2. 2 5-hydroxylase in hepatocytes catalyzes the formation of 25-HCC from cholecalci- 
ferol.. la -hydroxylase in renal tubular cells catalyzes the formation of 1,25-DHCC 
from 25-HCC in most mammals. Studies have shown that horses lack renal la- 
hydroxylase and have low concentrations of 25-TICQ 24,25-DHCC; and 1,25’ 
DHCC in plasma. 

3. 1 ,25- DHCC (also called calcitriol) has 23 times the biologic activity of 25-HCC, 
which has 3-5 times the activity of cholecalciferol. 

B. Actions of vitamin D in dogs, cats, and cattle. (Roles of vitamin D in horses In regula- 
tion of [R7a Jt ] appear to be minor.)* 

L Vitamin D promotes intestinal uptake of Ca 2t by stimulating the formation of a 
Ca 2 ’ -binding protein (calbindin) in the mucosal epithelial cells; it also stimulates 
absorption of PIT. 

2, Vitamin D promotes Ca 2t and PCX, liberation from bone by stimulati tig osteoclastic 

activity. 

3, Vitamin D promotes resorption of fCV ' by proximal renal tubules by stimulating the 
formation of calbindin. 

4, Vitamin D inhibits PTH synthesis in parathyroid glands by inhibiting transcription 
of the PTH mRN A, 

5 Net effect of vitamin D: promotes hypercalcemia 

II. Analytical concepts 

A. Sample 

1 . Serum is. the common sample but plasma (either heparin or EDTA) is acceptable; 
concentrations of 1,25-DHCC and 25-HCC are stable for 3 days at 24°C, 1W 
Samples should be frozen if analysis is delayed, 

2, Prior ro most assays, the sample is deprotein ized or extracted to free vitamin D 
metabolites from vitamin D -binding proteins (specific a-giobulins and albumin). 
Nearly all vitamin D molecules arc protein-bound in serum, 
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IT Actions 

A, Calcitonin Inhibits osteoclastic activity In hone. 

B, Calcitonin inhibits renal tabular resorption of Ca- + and P0 4 . 

C, Net effect of calcitonin activity: decreases strum [tCa 1+ ] and [Pi] 

III. Analytical concepts 

A. Marked differences in amino add sequences between species may limit the cross-species 
immunoreaciivicy in radioimmunoassays. 

6 . Rad i oi m m unoassays for cani ne calc iton \ n have bee n developed. *• 12,1 13 

IV. I me teased calcito n i n co nee n t tat ions 

A, Medullary thyroid carcinoma 114 

B. Non thyroid cancer, especially from neural crest tissue 

MAJOR PATTERNS FOR CALCIUM (Ca-) AND INORGANIC PHOSPHORUS (Pi) 
DISORDERS 

Because of the physiologic relationships between Ca J \ PO*, PTH, PTHrp, and vitamin D T 
some diseases are expected to cause abnormal analyte concentrations and form patterns that sug- 
gest the presence of diseases. Patterns for major diseases or conditions are shown in Table ! 1* 10. 
Because of compensation* some analyte concentrations may remain WRI but be inappropriately 
located near either the upper or lower limits of the reference interval. 


Table 11.10. Expected hormone and mineral patients for major diseases or conditions (with- 
out complications) 



[tCa’I 

[Pi] 

[PTH] 

[PTHrp] [1 ,25'DHCQ 

Pri ma ry hyperparathyro id i s m 

T* 


wri-T c 

WRI 

WRI 

Humoral hypercalcemia of malignancy 

t 

i 

i-WRl 

t 

WRI 

Excess vitamin D 

T 

WRI-t 

i-WRl 

WRI 

t 

Canine hypoadrenocon icis m 

WRI-t 

WRI-t 

4. -WRI 

WRI 

WRI 

Rena! failure* hypcrcafeernic* 3 

t 

WRI-i 

i * 

WRI 


Renal failure, chronic? 

WRI 4 

t 

t 

WRI 

i-WRI 

Hypoalbu mi n err da 

i 

WRI 

WRI 

WRI 

W r RI 

Pri mary hypoparathy roidis m 

1 

T 

1 

WRI 

WRI 

Milk fever 

1 

J, 

wri-T 

WRI 

wrj-T 

Prolonged anorexia 

WRI 

i 

WRI 

WRI 

WRI 


Note; Secondary pathologic states may result in altered patterns. For example, prolonged or severe 
hypercalcemia may cause renal failure that might change serum [Pi] from hypophosphatemia to hyper- 
phosphatemia. 

* T ■ above reference interval. 

U : below reference interval, 

' May not be above reference interval but is inappropriately high for the hypercalcemic status. 

4 More common in horses than other species, can be either acute or chronic renal failure. 

r | PTH] is decreased in hypetcalcemtc renal failure in horses; similar data not found for other animals, 

r Not known in most mammals; healthy horses have very.' little 3 ,25-DHCC and would expect less in 
the presence of hypercalcemia, 

r Mote common form of rend failure in most domestic species 



-rial 


Hidden page 



430 


FUNDAMENTALS OF VETERINARY CLINICAL PATHOLOGY 


30, Hitbc M, Sydler T, Fischer U N’aegeii H. 2000. Mnmiic calcification in a dog attributable in ingestion of a taealcl- 
tol ointment. Vet Pathol 37:400-402. 

31, Campbell A, 1997- Old pot rid poisoning in dogs, Ver R« 141:27-28, 

32, Han TM h Simpson KW, Trasti S* Bimbauro N„ Center 5A, Yeager A. 199#, Cakipocriol toxicity in a dog. j Small 
Anim Pract 39:38 1-586. 

33, Harrington DD, 1982. Acute vitamin D> (ergocalciferol) toxicosis in horses: Case report and eiperimenial studies, J 
Am Vet Vied Assoc I80r867-87J. 

34, Harrington DD, Page F.H. 1983. Acute vitamin (), fmitnsis in horses: Case reports and experimental studies of the 
comparative toxicity of vitamins P.? and l\ J Am Vet Med Assoc 182:1358-1369, 

35, Washerman RH, Carradino RA. Krook LP 1975, Cetfrum diumtm: A domestic plant with 1,25-dihydraxychoJccal' 
ciferoMike activity. Btochcm Biophys Res Common 62:85-91. 

136, Muylle E, Oyacn W, Dc Roosc E van den Hcndc C. 1974, Hypercaltaeniia and mineralisation of non -osseous tis- 
sues in horses due to vicamin-D toxicity. Zemralbl Veterinarmed 21:638*643. 

37- Spangler WL, Cribble DH, Lee TC, 1979. Vitamin D intoxication and the pathogenesis of vitamin D nephropathy 
in the dog,. Am J Vet Res 40:75-83- 

38, Dow $W, Legendre AM, Skiff M, Greene C. 1986. Hypercalcemia associated with bWompsis in dogs, j Am Vet 
Med Assoc 183:706-709. 

39, Hodges RD„ Legendre AM, Adams LG, Willard MD, Pitts RR Monce K, Needels CC, Ward H. 1994. Itraconazole 
for the treatment of histoplasmosis in cats. J Vet Intern .Med 8:409-413. 

40, Savarv KCM, Price G$, Vadcn SL, 2000, Hypercalcemia in cats; A retrospective study of 71 cases 11991-1997), J Vet 
Intern. Med 14:1 84- \ 89. 

4 1, Ellers RS„ Bayly WM, Brobst DF, Reed SM, Liggttc HD, Hawker CD, Baylink Dj, 1986. Alterations in calcium, 
phosphorus and G-ttrminal parathyroid hormone levels in equine acute renal disease, Cornell Vet 7Gc317-329, 

42, Bertone J], Traub-Dargatz [L, Penman MJ, Wilke L, Wrigley RH, Jaenke R, Paulsen ME. 1917. Monitoring the 
progression of renal failure in a horse with polycystic kidney disease: Use of the reciprocal of scrum creatinine con- 
centration and sodium sulfanilate clearance half* tune, J Am Vet Med Assoc 191:565-568. 

43, National Research Council. 1939. Numem Requiftmenu of Mena. 5th td, Washington, DC: Nuienal Academy Press. 

44, Brobst i>E Bayly WM, Reed SM, Howard GA h Tbrbeck RL. 1982. Parathyroid hormone evaluation in normal 
horses and horses with renal failure. Equine Vet Sci 2:150-157- 

45- Ptetetson MA, Feinman JM. 1932, Hypercalcemia associated with hypoadrenocorticism in 16 dogs. J Am Vet Med 
Assoc 181:802-304. 

46, Walscr M, Robinson BHR, Duckett JW, Jr.. 1963- The hypercalcemia of adrenal insufficiency, J Clin Invert 42: 
456-465. 

47, Osborne CA, Poffenbarger EM, Klausner JS, Johnston SD, Griffith DP 1986. Eriopathogcnnis, clinical manifesra- 
tinm, and management of canine calcium oxalate urolithiasis. Vet Clin North Am Smalt Anim Fracr 16:133-170, 

48, Greco DS, Peterson ME, Gho DY, Markovits JE. 1985. Juvenile-onset hypothyroidism in a dog, ] Am Vet Med 
Assne 187:948-950- 

49, Hint RA, Kneissl §, Teinfalt M. 20 (XL Severe hypercalcemia in a dog, with a retained fetus and endometritis, j Am 
Vet Md. Assoc. 216:1423-1425. 

50, Hcndy GN, Srorbnd MA, Gruqbannt D, Fraher LJ, Luveridge N, GoLmnan D. 1989, Characteristics of secondary 
hyperparathyroidism in vitamin D-dcficicnt dogs. Am J Physkil 356:E?65*E772. 

51, Wong KM, Klein L, Hollis B, 1985, Effects of parathyroid hormone «n puppies during development ofCa and vita- 
min D deficiency. Am J Physiol 249:E568~E576, 

52, Horn RL, Jorgensen NA, DeLuca HE 1973. Plasma 1 ,2 5-di hyd rosyvitimi n I> and parathyroid hormone levels us 
paretic dairy cows. Am J Physiol 235 ; E&34-E637 . 

53, Mayer (JR Ram berg CK Jr, Krnntcld DS, Buckle KM, Sherwood LM, Aurbach GD, Pons JT, Jr.. 1949, Plasma 
parathyroid hormone concentration in hypocalcemic parturient cows. Am J Vet Res 30:1587-1597. 

54, Baird JD. 1971. Lactation tetany (eclampsia) in a Shetland pony mare. Ansi Vet J 47:402*404. 

55, Fascetti AJ, Hickman MA. 1999. Preparrurienr hypocalcemia in four cats. J Am Vet Med Assoc 215:1 127*1129. 

56, Young DM, Capcn CC, Black HE. 1971- Calcitonin activity :n ultimobranehial neoplasms from bulls. Vei Pathol 
8:19-27. 

57- Fcnger CK. 1998. Disorders of calcium metabolism. Em Reed SM, Bayly WM, eds. Equine Internal Mediant, Ur cd„ 
925-934. Philadelphia: W.B. Saunders Company. 

58, James LF. 1999, HaJogeton poisoning in livestock. J Nat Toxins 8:395-403- 

59, Crowell WA, Whitlock RH, Stout RC, Tyler DE. 1979- Ethylene glycol toxicosis in cattle. Cornell Vet 69:272-279. 

60, Graucr GF. 'Fhrall MA. 1982. Ethylene glycol (afitifrcne) poisoning in the dog and car. j Am Anim Hosp Assoc 
18:492*497. 


Copyrighted material 




11 / CALCIUM, PHOSPHORUS, MAGNESIUM, AND THEIR REGULATORY HORMONES 431 


61. Grauer (iF. Thrall MA h Henre BA, G racier RM, Haxnar DW. 1984. Early dinicupithol^c findings 111 dog* ingest- 
ing ethylene glycol. Am J Ver Res 4 5:2299-2 Jfl3. 

62. Chew Dl, Leonard M. Muir W, III. 19R9- Effect of sodium bicarbonate infusions on ionized calcium and total calci- 
um connmraritms in scrum of clinically normal cats. Am j Vet lies 50:145-150. 

63. Freestone JF, Orison GR Hirrold l)R, C Ihurch G- 1988, Influence of fumsemide recarmcnr on fluid and electrolyte 
balance in horses, Am J Vet Res 49: ] 899-1 902. 

64. Dettelhach MA, Deltas l_J „ Stewart AF„ 1990. I ntraperitoneal free tatty acids induce severe hypocalcemia in rats: A 
model lot the hypocalcemia of pancreatitis. J Rone Miner Res 5:1249- 1 255- 

63, Bhittarhirya SK, Crawford AJ, Pace JW, Clemens MG, Chaudry IH, 1988, Mechanism of calc ium and magnesium 
translocation in acute pancreatitis: A temporal correlation between ht ptuakemia and rhembraitc-tiiediated excessive 
intracellular calcium accumulation in soft tissues. Magnesium 7:91-102. 

66. Warshaw AL, Lee KH, Naplrr TW, Fournier It), Duchaincy I), Axelrod L 1985- l depression of senim calcium by 
ineieawd plasma free fatty acids in rhe rat: A mechanism for hypocalcemia in acute pancreatitis. Gastroenterology 
89:814-820, 

67. Drohatz K), Hughes D, 1997. Concentration of ionized calcium hi plasma from cats with urethral obstruction, J Am 
Vet Med Assoc 21 It 1 392-1395. 

68. Vaden SL, Levine J, Breuschwerdt EB. 1997, A retrospective case-control of acute renal failure in 99 dogs. J Vet 
Intern Med 1 1:58-64, 

69- Schaer M, Cavanagh R Hausc W, Wilkins R. 1977. Iatrogenic hyperphosphatemia, hypocalcemia and hypernatremia 
in « car.J Am Anim Hosp Assoc 13:39-41. 

70, Ray AC, Kyle ALG, Murphy Mj. Rea go r JC. 1989. Edologie agcnis, incidence, iiid improved diagnostic methods of 
cantharidin toxicosis in horses. Am j V« Res 50: 1 8?- 191. 

71 < lid man RG, Edwards WC. 1997. Clinical lac ores of blister beetle poisoning in njuids: 70 cases ( I ‘IRJ, 1996). f Am 
Vet Med Assoc 211:101 8- 1021. 

72. Kerr MG, Snow DH. 1983. Composition of sweat of the horse during prolonged epinephrine (adrenaline) infusion, 
hear exposure, and exercise. Ant J Vet Res 44:1571-1577. 

7,3. Harris PA. 1998, Musculoskeletal disease, jug Reed SM, Bayiy WM, eds. Equine Interna! Mtdfcme, 1st ed. 
Philadelphia: W.B. Saunders Company, 371 -42ft. 

74. Waldron- Mease E, Klein LV, Rosenberg H, Leiich M. 1981. Malignant hyperthermia in a halothant' anesthetized 
horse, j Am Vet Med Assoc 179:896-898. 

75. Gisehcti E Gasehen L h Seiler G h Wells: M, Bornand Jaiwin V, Gonin Jinaa D. Ncigcr-Acschhachcr G. Adc-DamiW 
M. 1998. Lethal peracute rhabdomyolysis associated with stress and general anesthesia in three dystrophin-defleient 
cats. Vet Pathol 35:137-1 23- 

76. Perkins G, ValbergSJ, Madigan JM, Carlson GR Jones SL 1998. Electrolyte disturbances in foals with severe rKab- 
domyolysis. J Ver Intern Med 12:173-17“, 

77. Brooks DG. 3 995, Acute rumor lysis syndrome in dogs. Compend Conti n Educ Pract Vet 17:3 103-1 106. 

78. Blood DC, Radostiu OM. 1 983 .Diseases of the aJimcnatry tract. II, Is: BIimkI DC, Radostits OM, tds. Veterinary 

293-259- tendon : Kaillicre Tindall, 

79. Rosol TJ, Chew DJ, Nagodc LA, Schenck R 2000, Disorders of calcium. In: DtBartola SR ed, Fluid / herttpy in 
Small Animal Pntctite, 2nd ed,, 108-162. Philadelphia: W.B. Saunders Company. 

80 . Lanson L Ohirtan S. 1985- Effect of silicone-separator tubes and storage time on ionized calcium in serum ■ Clin 
Chem 31:169-170. 

81. Hi rink ABTJ, Buckley BM, Christiansen TE Covin^tnn AK, Maas AHJ, Muller-Mat he O, Sachs O Si gga ard- 
Andersen O, 1991. International Federation of Clinical Chemistry (IECQ Scientific Division. IFCC recommenda- 
tion: Recommendation on sampling, transport and storage for the determination of concentration of Ionized calcium 
in whole blood, plasma and serum- Clin China Acta 202:Sl3-S2L 

82. Sachs C„ Rabouine R Chancac M, Ktndcrmans C, Dechaux M, Fakh-Christiansen T. 1991. Prcanalyrical errors in 
ionized calcium measurements Induced by the use of liquid heparin. Atm Clin Biu4.bc™ 28:167-173, 

83. Lyon ME, Guajardo M, L.lJi.l T, Malik S, Henderson PjL Kenny MA. 1995- Zinc heparin introduces a preanatyt ical 
error in rhr measurement of ionized calcium cortcentration- Stand J Clin Ub Invent 55:61-65. 

84. Barber PJ. Elliott J, 1996. Study of calcium homeostasis in feline hyperthyroidism. J Small Anim Pract 37:575-582. 

S3- Corvilain J, Abramuw M. 1964. Effect of growth hormone on tubular transport of phosphate in normal and 

parathyroid ectomized dags, | Clin Invest 43: 1 608- 16 12, 

86. Haihin KR, Brueltnn WE, Twdten H. 1998, Pseuduhrpophosphaiemia in two dogs with i mm Line-mediated 
hemniyrif anemia. J Vet Intern Med ] 1 78- 1 St . 

87, Jorgensen |2v k Center SA, Randolph J F, Brunt D. 1985- Electrolyte abnormal! lies induced by hypertonic phosphate 
enemas In two cats. J Am Vet Med Assoc 187:1367-1368. 


Copyrighted material 



432 


FUNDAMENTALS OF VETERINARY CLINICAL PATHOLOGY 


88. Atkins CE, Tyler R ( Greenlee R 1985. Clinical, biocheniid, acid-base, and electrolyte abnormalities in cars after 
hypertonic sodium phosphate enema administration. Am f Vet Res 46:980-988- 

89- Arden WA, Stick JA- 1 988. Scrum and peritoneal fluid phosphate concentrations as predictors of major intestinal 
injury associated with equine colic, J Am Vet Med Ajsoc 193:927-931. 

90. Carlson GP, Mansmann RA. 1974, Serum electrolyte and plasma protein alterations in hones used in endurance 
rides. J Am Vet Med Assoc 165:262-264. 

91. Darrigrand-Haag RA, Center SA, Randolph JK Inis RM, Wood PA- 1996* Congenital Fanenni syndrome assoc bat- 
ed with renal dysplasia in two border terriers, J Vcr Intern Med KM 1 2-4 19- 

92. Easley JR, Brcitschwerdt EB. 1976. Glycosuria associated with renal tubular dysfunerkm in three Buenjji dop.J Am 
Vet Med Assoc 168:938-943 

93. hover KC. Joyce T, Rlazcr-Yosr B, Goldschmidt MS. Segal S- 1979. Characterization of renal defects In dogs with, a 
syndrome similar to the Fanconi syndrome in man. j Am Ver Med Assoc 174:1094-1 104, 

94. Runssel AJ, Cohen ND, RuoflfWW, Brumbaugh GW, Schmitz DG, Kuesis B5. 1993. Urinary indices of horses after 
intravenous administration of crystalloid, solutions. J Vet Intern Med 7: 241 *’246. 

95- Rayly WM. Brohst DF, Filers RS, Reed SM- 1986, Serum and urinary biochemistry and enzyme changes, in ponies 
with acute tend failure. Cornell Vet 76:306-316. 

96- Siefiev F.R Girl SM, Dunlop Cl Cullen LK, Hodgson DS. Willies N. 1993- Biochemical and haematological changes 
following prolonged halothanc anaesthesia in horses. Res Vet Sri 35=338-345 

97. Fontenot JP, Allen VC, Hu nee CE, Goff JR 19S9- Factors influencing magnesium absorption and metabolism in 
ruminants, J Anim Sci 67:3445-3455. 

98. 8 i meson MG. 1981),, Calcium, phosphorus, and tnaged um metabolism. In: Kandfeo JJ, cd, Clmimi Biochemistry of 
rfommk Animals, 3rd «!., 575-648. New York: Academic Press, 

99. Martens H, Hammer U. 1981. Resorption von natrium uud magnesium, ails, dem forilbergehend isolierten pansen 
von schaftn wahrend intravenoser infusion von aldo^teron. Dtsch Ticrarzlt Wochenschr 88:404-4137. 

100, Riond ]l„ Kocabagli N. Spichigcr UF, Wanner M. 1995, The concentration of ionized magnesium in serum during 
the periparrurienr period of non-paretic dairy cows. Vet Res Commun 19:195-203. 

101 Kasari I'R, Woodhury AH, Moreom-Ksrsari E- 1 990. Adverse effect of orally administered, magnesium hydroxide on 
serum magnesium concentration and systemic acid-base balance in adult cattle, j Am Vet Med. Assoc 1 96:735-742. 

102. Hetiningrr RW, How j. 1997. Magnesium toxicosis in two horses. J Am Vet Med Assoc 21 1:82-85- 

103. Kimmel SE, Waddell LS, Michel KE. 2000, Hypomagnesemia and hypocalcemia associated with protein-losing 
enteropathy in Yorkshire terriers: Five cases (1992-1998), J Am Ver Med Assoc 217:703-706, 

104. Martin LG. Matteson VL, Wingfield WE, Van Belt DR, Hackett TB. 1994. Abnormalities of serum magnesium, in 
critically ill dogs: Incidence and implications, j Vet Emerg Grit Care 4:15-20. 

105. Norris CR, Nelson RW, Christopher MM. 1999- Scrum total and ionized magnesium concentrations and urinary 
Fractional excretion of magnesium in cars with diabetes meltitus and diabetic ketoacidosis, J Am Vet Med Assoc 
215=1455-1459, 

106. Shzwlcv RV, Rolf I. U Jr.. 1984, Experimental ontharidia&is In the horse. Am J Vet Res 45:2261-2266. 

107. SisJak M, Nachreiner RF, Rriial KR, Graham H Provencher A. 2001. Comparison of protease inhibitors for stabiliz- 
ing parathyroid hormone and ftwT, by dialysis m serum samples. Pioc 19th ACV1M Forum (Seattle, Wash,), 875, 

108. Paudian MR, Morgan CH. Carlton E, Scgrc GV 1992, Modified immunoradiometric assay of parathyroid hor- 
mnne-reUted protein: Clinical application in the differential diagnosis of hypercalcemia. Clin Chcm 38=282-288, 

109. Lissner D, Mason RS, Posen S. 1981. Stability of vitamin D metabolites in human blood serum and plasma. Clin 
Chcm 27:773-774. 

110- Hollis RW, ] 986. Assay of circulating 1,25-dihydnnydramin D involving a novel $ing)c-can ridge extraction and 
purification procedure. Clin Ghent 32:2060-2063 

] S 1, Rumbciha WK, Kruger JM, Fitzgerald 5F, Nachrdner RF, Kaneenc JB, Rrasehon WE, Chiipuzio CL 1999. Use of 
pamidrernate to reverse vitamin induced toxicosis its dugs. Am j Vcr Res 60:1092-1097. 

1 1 2. Mol JA, Kwant MM, Arnold ICJ, Hazewinkel HAW. 1 991 - Elucidation of the sequence of canine (pcoJ-calcuOfUfi, A 
molecular biological and protein chemical approach . Regul Ftept 35:189-495. 

1 13- Hazewinkel HAW, Hackcng WHL, Bosch R, Goedegcbuure SA, Voodiout G, van den Brora WE, Severs MM, 

198/. Influences of different calcium intakes on caldotrnpic hormones and skeletal development in young growing 
dogs Front Harm Res 17:221-232, 

111, Peterson ME, Randolph JF, ZakJ FA, Heath H, 111, 1982. Multiple endocrine neoplasia in a dog. j Am Vet Med 
Ahoc 1 80: 1476- 14 7». 


Copyrighted material 




Chapter 12 
ENZYMES 


Basic Principles in Clinical Enzymology h h . . . .435 

Alanine Transaminase (ALT) (Synonym Abbreviation: GPT) ...... .443 

Aspartate Transaminase (AST) (Synonym Abbreviation: GOT) .444 

Lactate Dehydrogenase (LD) ,445 

IditoP Dehydrogenase (ID) (Synonym Abbreviation: SDH) 446 

Alkaline Phosphatase (ALP) .446 

y-glutamyltransferase (GGT) (Synonym Abbreviation: GGTPJ - ,450 

Creatine Kinase (CK) , , .452 

Amylase lA^lVIS) + ,453 

Lipase (LPS) .... 455 

Other Serum Enzymes ,456 


433 


Copyrighted material 



434 


FUNDAMENTALS OF VETERINARY CLINICAL PATHOLOGY 


Table 12.1, Abbreviations and symbols in Chapter 12 


$> 

symbol in tables to indicate relatively common disease or condition 

ADP 

adenosi tie d ip hosphate 

ALP 

alkaline phosphatase 

ALT 

alanine transaminase 1 

AMS 

a -amylase 

AST 

aspa rtate t ransam i nase 3 

ATP 

adenosi ne tr ip hosphate 

EL ALP 

bone alkaline phosphatase 

C-ALP 

corticosteroid-induced alkaline phosphatase 

CK 

creatine kinase 

ECF 

extracellular fluid 

fCa-* 

free ionized calcium 

fMg 1 - 

tree ionized magnesium 

GFR 

glomerular filtrat ion rate 

GGT 

7" glutamyl t ransferase* 

(GCiT:Cri) (t 

urine 7 -glutamyl transferase activity to creatinine concentration 

GOT 

glutamate oxaloacetate transaminase 1 

GPT 

glutamate pyruvate transaminase’ 

[ALP 

intestinal alkaline phosphatase 

I CP 

intracellular fluid 

[D 

iditol dehydrogenase 

L-ALP 

liver alkaline phosphatase 

LD 

lactate dehydrogenase 

LPS 

lipase 

NAD 

n Scot i na m Ede aden inc d i nucleotide 

NADH 

reduced nicotinamide adenine dinucleotide 

NAD PH 

reduced nicotinamide adenine di nucleotide phosphate 

NC-IUBMB 

Nomenclature Committee of the International Union of Biochemistry and 
Molecular Biology 

PO, 

inorganic phosphate (all forms) 

PTH 

parathyroid hormone 

SDH 

sorbitol dehydrogenase 

SI unit 

Systimc International d’ Unites 

rGT' 

total calcium 

TLI 

trypsin- 1 ike i mm uno react! vj ty 

U 

international unit 

URL 

upper reference limit 

USG I=f 

urine specific gravity by refractometry 

WRI 

within reference interval 


* NC4UBMB recom mended transaminase but considered aminotransferase acceptable, 
b NC-1UBMB recommended y-gl utamy 1 iransferasc but considered y-gl utamy I rranspepndase (UU 1 Pi 
acceptable. 


Copyrighted material 




12 /ENZYMES 


435 


BASIC PRINCIPLES IN CLINICAL ENZYMOLOGY 

Enzymes are proteins that catalyze chemical reactions. Proteins that have different polypeptide 
structure bur catalyze the same chemical reaction are hoensymes (or isozymes). II the different 
enzyme structure results from a posttranslational modification of an original gene product, then 
the proteins are imfwtm. 

h Sources of serum, enzymes (Table 12.2 and h'ig. 12.1) 

A* Serum enzymes described in this chapter originate from cells (exogenous to serum) and 
do not have recognized functions in blood. Before release from, cells, the serum enzymes 
may he in a cell's cytoplasm, mitochondria, or membrane. Serum enzyme activity in 
healthy animals is typically assumed to result from physiologic processes. 


Table 12.2. Cellular or tissue sources and half-lives of common serum enzymes 


Enzyme 

Major mechanisms 
that lead to increased 
serum activity 

Major cellular sources 
of increased serum, 
enzyme activity 

Half-lives 1 

ALP 

Induction 

^Hepatocyies (L-ALP) 
(CALP in dogs) 

" Biliary -ep i the! i urn { L-ALP) 
Osteoblasts (B-ALP) 

=* 3 days (canine L-ALP) 71 
< 8 hr (feline L-ALP)” 

ALT 

Cell damage 

^Hepatocyies 
Skeletal myocytes 

2=3 days (canine) 7 * 

AMS 

Cell damage 
Decreased renal 
clearance 

"Pancreatic acinar cells 

*» 3 hr (canine) ■' 

AST 

Cell damage 

" Hepatocytes 
"Skeletal myocytes 
Cardiac myocytes 
Erythrocytes 

days (equine)^'™ 
< 1 day (canine) -7 ’ ?a 

CK 

Cell damage 

" Skeletal myocytes 
Cardiac myocytes 
Smooth muscle myocytes 
(minor) 

2 hr (equine) 75 ^ 
< 2 hr {canine} 751 

GGT 

Increased production 

"Biliary epithelial Cells 
Hepatocytes 

= 3 days (equine) w 

ID 

Cell damage 

"Hepatocytes 

Hr 4 hr (canitic) Kl 

LD 

Cell damage 

"Hepatocytes 
'"Skeletal myocytes 
Cardiac myocytes 
Erythrocytes 

< 6 hr (canine) 63 

LPS 

Cell damage 
Decreased renal 
clearance 

w Pancreatic acinar cells 
Liver neoplasms 

« 2 hr (canine) 7 1 


1 Data from available but limited sources. 
( n '* A = numbers of sources in reference list.) 


>pyrigr 


material 


Hidden page 



Hidden page 



438 


FUNDAMENTALS OF VETERINARY CLINICAL PATHOLOGY 



Fig, 123, Increased production of ALP by 'induction. 

In healthy animals {left half of drawing } . ALP is attached to hepatotyte membranes; more is located on the 
canalicular than the sinusoidal membrane. In sick animals {right Krif of drawing), drugs or metabolites (e.g>» 
bile acid) induce the synthesis of more ALP that accumulates both on the canalicular and sinusoidal hepato- 
cyie membranes. When more ALP is released from the sinusoidal membrane,, serum ALP activity increases. 


B. More enzymes produced by cells (primary mechanism for membrane enzymes, may be a 
mechanism for mitochondrial and cytoplasmic enzymes) 

1 . Increased synthesis (production) of an enzyme usually is due to induction; that is. 
modifying transcription translation, or other processes involving protein synthesis 
causes increased synthesis of the enzyme. Endogenous substances (e.g., bile acids) or 
drugs such as phenobarbetal s prednisolone, or prednisone may trigger induction, 
increases in serum ALP activity result .from induction (Fig, 123), 

2. Increased synthesis may be due to hyperplasia or neoplasia of the enzymes ceil of 
origin, 

C, Enzyme removal from plasma is decreased (enzyme has an increased half-life), 

1 , Some enzymes (e.g,> AMS and LPS) arc Inactivated or excreted by kidneys. Decreased 
renal blood flow leads to decreased, inactivation of AMS and LPS, 

2. Other processes of enzyme inactivation include binding to circulating plasma 

anti proteases with subsequent uptake by macrophages or hepatocytes, .and nonspecif- 
ic proteolysis and then uptake by macrophages. If these processes were inhibited, 
there would be decreased removal of enzymes from plasma, 

1IL Decreased activity of most "serum enzymes" does not have diagnostic importance. Measured 
enzyme activity may be reduced because of poor sample handling (enzyme degraded), pres- 
ence of an inhibitor (e.g., anticoagulants), reference interval that is not appropriate for the 
patient, or because of decreased mass of origin tissue. 

IV. Measuring serum enzyme activity 

A, Enzymes are proteins that catalyze chemical reactions. Routine assays .measure enzyme 
activity by detecting how fast a substrate is consumed or how fast a. product forms, 

1 , Enzyme assay theory; In the presence of excess substrate (S), the reaction rate Is 
dependent on the quantity of enzyme (E); more specifically, the reaction rate is 
dependent on the rate of reaction from the enzyme-substrate complex to the product 
(P) + enzyme: E + S — ¥ E-S — ^ P -+ E, 
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2. Nearly all serum enzyme assays are specirophoiomemc assays, either end- point or 
kinetic. 

a. End-point assays: The reaction is stopped at a specified time and enzyme activity 
is determined from the quantity of product formed or the quantity of substrate 
used. 

b> Kinetic assays: Multi pie readings are taken during a specified time period and 
enzyme activity is determined by the rate of the reaction (or rate at which prod- 
uct is being formed), 

B. Enzyme reactions for common clinical serum enzyme assays 

1 . big, 12.4 contains the initial chemical reactions catalyzed by the common serum 
enzymes. The initial reactions are usually coupled to other reactions that cause the for* 
mation or disappearance of a colored indicator that can be detected by photometry. 

2 . Knowledge of the enzyme reactions promotes an understanding of enzyme nomen- 
clature and physiologic roles of enzymes. 


cmpd-P0 4 


ALP 

p. 

atalisw pH. (Mgr 2 * 


empd + PQ 4 


al&ntrt# 

o-kelogluterate 



pyruvate 

glutamate 


starch + H 2 0 


AMS starch fragments + 
unhydrolyzed starch 


aspartate 

a-ketoglutaraie 


AST 




p-s-p 


■oxaioacetate 

glutamate 


creating phosphate 
ADP 



creatine 

ATP 


y-glutamyi-p-nftroanilide 

gtycytglycire 



p^nttroaniline 

‘'j^giutemyE-glycylgiycine 


fructose 

NAD 



sorbitol 

NADH 


lactate 

NAD 



pyruvate 

NADH 


triglyceride 


IPS 

► 

wipwe. rc,5 2+ 


diglyeerides +■ moroglycerides 
+■ glycerol + fatty adds 


Fig. 12,4, Initial reactions in assays for the common clinical scrum enzymes, (empd = compound) (P-5- 1? ■ 
pyrkloxal'5 * -phosphate) 

Assays are designed so that the rate-limiting factor is the catalytic activity of a serum enzyme. Methods of 
monitoring the chemical reactions char are catalyzed by the enzymes vary but typically involve absorption or 
reflectance photometry, LD activity can be assessed in react ions that are driven from lactate to pyruvate, or 
pyruvate to lactate. 
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C, Hemoglobin may interfere with light transmission in speerropho tome trie assays 
and give false increases or decreases depending on assay design. 

2 * Sera with elevated bilirubin (icteric sera): Bilirubin may interfere with light trans- 
mission, 

3. Sera with increased visible lipoproteins (lipemic sera) 

a. Lipid molecules may interfere with light transmission. 

b. Lipid molecules cause unpredictable results because fight transmission is hindered 
not only by number but also by size of molecules* 

VI I . i n rerp retai io n of i ncreased seru m enzy m c acta v i ty 

A. Because of the variations in enzyme activity measured by different assays, patients’ 
enzyme activities need to be compared to appropriate reference intervals. If increased, the 
degree of increase is usually determined by dividing the patient's enzyme value by [he 
URL (the higher value of the reference interval) Example: patient's ALT = 500 U/L with 
a reference interval of 10-50 LLL; patient's ALT is 10 times the URL (10X URL). The 
absolute values for enzyme activities may vary considerably between assay methods, but 
the degree of increase above the URL should be nearly the same, 

B. The magnitude of increased enzyme activity may limit the possible explanations* For 
example, an ALT activity of 15* URL is probably due to hepatocyte damage, not severe 
muscle damage. Similarly, an ALP activity of 1 0 X URL is typically considered too great 
for B-ALP activity in adult dogs, but it could be due to either L-ALP or C-ALP 

C. Consider the half-life of the serum enzymes. For example, CK has a shorter half-life than 
AST Thus, after a single insult to muscle, CK activity may return to reference interval 
sooner than AST activity. 

a 

D. Integrate potential pathologic processes with other patient information to form ideas or 
explanations for the animal’s illness, 

VI IL Significance ul increased serum enzyme activities 

A. Serum enzyme activities are markers or indicators of pathologic processes (e.g,, hepato- 
cyie injury, cholestasis) and not specific diseases. Many types of diseases may cause com- 
mon pathologic processes. 

B. For the cytoplasmic enzymes (ALT, AMS, AST, CK, ID, LD, LPS), the magnitude of 
increase may relate to the severity of damage; i.e*, slight damage may cause values < 2 X 
URL, and severe damage might cause values > 50 X URL. However, magnitude of 
increase does not differentiate reversible damage from irreversible damage, or local dam- 
age from diffuse damage. 

C. A mild increase [c,g,, 2X URL,) might not be very important in one animal because 
other findings clearly indicate a definite diagnosis. However, in some cases, the same 
serum enzyme activity might provide the only clue of active disease. 

D. Because of the method of characterizing a patient s enzyme activity (be., comparing it to 
the URL), the magnitude of increase is not accurately described for most animals. For 
example, if a dog's ALT activity prior to disease was 20 U/L, and it rose to 200 U/L after 
l he onset of disease, there was a 9 limes increase (10 times baseline value) associated with 
the disease. However, if the ALT reference interval was 20-70 U/L, the patients 200 
U/L value would represent only about 3x URL and might be considered a mild increase* 
Because pre-disease values are usually not available for individual animals, we must con- 
sider variations between animals when interpreting serum enzyme activity. 

E. Enzyme activity from a single sampling may not reflect the dynamic changes that may be 
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Table 12,4. Disorders or conditions that cause increased scrum ALT activity 

Hepatoeyte damage (dogs and cats) 

" Degenerative: hypoxia due to anemia or congestion 
Anomalous: portosystemic shunt 

"Metabolic: lipidosis, diabetes mellitus, feline hyperthyroidism 
“Neoplastic lymphoma and metastatic neoplasia, hepatocellular carcinoma 
Nutritional: copper toxicosis, hemochromatosis 
Inflammatory 

•Infectious: leptospirosis, histoplasmosis, feline infectious peritonitis, bacterial 
cholangiohepat it is 

"Non infectious: chronic hepatitis, cirrhosis 
Inherited: copper storage disease. Lysosomal storage diseases 
" Toxic: steroid hepatopathy, anesthetic agents, tetracycline, carprofen 
h>J frau ma tic: hit -by-ear 
Induct ion 1 

• Phe nobarb ital 

G I ucoeo rcico ids: p redn isone , predn isolo ne 
Skeletal muscle damage 

Inherited: canine musculodystrophy 
1 ran mat ic: h it-by-car 

Nate: Lists ol specific disorders or conditions are not complete hut are provided to give examples, 

* Increased serum activity is generally assumed to he due to induction in hepatocyres but such * cellu- 
lar process is not proven for ALT activity. Increased activity could be' due to a sublethal damage to hepa- 
uxyres caused by the drug or its metabolites. 


URL}. 3 * 41 Some dystrophic dogs, occasionally have extreme ALT increases (20 times 
greater than nondystrophic dogs in the same colony). 

2. Dystrophin -deficient cats with acute rhabdo myolysis had markedly increased CK 
activity (89-2000X URL) and increased ALT' activity (6-19X URL). 14 

V, 8 pee ies d i ffe re nces 

A. In dogs and cars, ALT is a major marker of hepatocyte damage but its serum activity is 
also increased by severe muscle disease. 

B. Hepaiocytes of horses and cattle have so little ALT that ALT k not a useful marker of 
hepatocyte damage in these species. 

ASPARTATE TRANSAMINASE {AST) (SYNONYM ABBREVIATION: GOT) 

I. Physiologic processes, concepts, and facts: AST is a cytoplasmic and mitochondrial enzyme 
that catalyzes a reversible reaction involved in the deamination of aspartate to form oxaloac- 
etate, which can enter the Krebs cycle. 

II. I'issue sources of increased serum AST activity and AST half-life (Table 1 2,2) 

III. Analytical concepts: Other than variations in assay temperatures, there are minimal varia- 
tions in serum AS I’ activity between assay systems if results are reported in U/L. 
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III. Analytical concepts 

A. Variations in assay temperatures can ell ter LD activity. 

HL Some assays measure LD activity in a pyruvate to lactate reaction; others measure LE) 
activity In a lactate to pyruvate reaction. The LD activity tn the two types of reactions 
can vary considerably, 17 perhaps because LD-l is inhibited by high pyruvate concentra- 
tions and LD-5 maintains activity at high pyruvate concentrations h ]a 

IV. Increased serum LD activity (Table 12.5) 

A. In all species* LD Is a marker of hepatocyte damage but serum LD activity is also 
increased by muscle damage and hemolysis. 

B. Increased LD activity may be due to reversible or irreversible, fool or diffuse cell 
damage. 

C. By itself, serum LD activity is a screening test for hcpatocytc or muscle damage. In a 
group of rests, LD activity provides additional information that may help explain activi- 
ties of more tissue-specific enzymes (i.e, h ALT, ID, CKL 

IDITQL DEHYDROGENASE (ID) (SYNONYM ABBREVIATION; SDH) 

L Physiologic processes, concepts, and facts 

A. ID is a cytoplasmic enzyme that catalyzes a reversible reaction involving conversion of 
fructose to sorbitol (or glucitol). 

EL The established name for the enzyme is iditol dehydrogenase, but iditol is not a substrate 
or product in clinical assays. In the clinical assay, fructose is the substrate. 

][. Tissue sources of increased serum ID activity and ID half-life (Table 12.2) 

III, Analytical concepts 

A. Other than variations in assay temperatures, there are minimal variations in serum ID 
activity between assay systems if results are reported in U/L. 

B. ID assays are not common components of scrum chemical profiles, probably because the 
enzyme's stability is not sufficient for routine sample handling. 

IV. Increased serum ID activity 

A. Indicates heparocyte damage; may be reversible or irreversible, focal or diffuse; unusual 
to find ID activity > 10 X URL 

B. ID activity is used primarily in horses and cattle because other common hepatic cytosolic 
enzymes (AST, LD) are not liver-specific and ALT is not a useful marker of hepatocyte 
damage in horses and cattle. 

C. ID activity could be used as a marker of heparocyte damage in dogs and cats* but ALT 
assays are more commonly available and the ALT is not as labile. 

ALKALINE PHOSPHATASE (ALP) 

L Physiologic processes, concepts, and facts 

A. ALP includes a family of phosphatases that have phosphatase activity in an alkaline envi- 
ronment. Another family has phosphatase activity in an acid environment (the add 
phosphatases)* 

B. Physiologic roles of ALP are not known but the enzymes are associated or attached to 
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reasons tor increased glucocorticoid hormones and thus increased C-ALR Also, 
dogs with excess glucocorticoid hormones may have increased activity of both L- 
ALP and C-ALR 

D. Increased osteoblastic activity 

L Bone lesions that cause increased osteoblastic activity may cause increased serum 
activity of B-ALP and thus increased total ALP activity Generally the magnitude of 
increase in total ALP is mild {< 4X URL) but has been reported to be as much as 12 
times the average ALP activity in sera of two healthy dogs, 3u 

2 > Increased total ALP and B-ALP activities in frozen sera from dogs with osteosarcoma 
have been associated with shorter patient survival. The degrees of increases in ALP 
and B-ALP were not reported, w 

3, Cats with hyperthyroidism have increased B-ALP activity that causes increased total 
ALP activity. M 

E. Benign familial hyperphosphatase mia in Siberian huskies** 

1 . Of 42 pups in eight related listers of Siberian huskies, 17 pups had scrum ALP activi- 
ties about 6 limes the activities found in other age-matched Siberian huskies. B-ALP 
was the isoform causing increased total ALP activity in all 5 of the puppies for which 
iso forms were assessed, 

2. The cause of the increased ALP was not determined. Serum concentrations of tCa 2 \ 
P0 4 * and PTH were not different from matched pups. 

F. Pregnant women may have an increased serum ALP activity due to increased placental 

ALE ALP activity did not increase in pregnant mares, 36 The increase in serum ALP dur- 
ing pregnancy in bitches is too small to affect ALP interpretation, ' ' Placental ALP may 

contribute to serum ALP activity in late-term pregnancy of cats. 3 ® 

V. Species differences 

A. Dogs 

1 . ALP has high diagnostic sensitivity for detecting cholestasis. ALP activity may be 
increased before icterus appears. ALP values may range front < 2X URL to > 20 X 
URL 

2. Increased ALP activity induced by corticosteroids may result from induced synthesis 
of L-ALP and C-ALP; ALP values may range from < 2X URL to > 20 X URL. 2H 

3. Phenobarbiral, primidone, and phenytoin are described in clinical studies as either 
inducing the synthesis of L-ALP or causing hepatocellular damage in dogs, 39 

4. Increased ALP activity due to increased osteoblastic activity in growing dogs (produc- 
tion of B-ALP) is typically mild (< 4X URL), 

B, Cats 

1. ALP has. poor diagnostic sensitivity for detecting cholestasis. Cats typically are icteric 
before ALP activity increases. ALP values may range from < 2X URL to > 10 X URL. 

2, It has been reported that from 43%— 75% of hyper thy raid cats have increased scrum 
ALP activities, ALP activities typically are < 4X URL. In such cats, the ALP activity 
is due to L-ALP and B-ALP, whereas ALP activity in healthy mature cats is due to L- 
ALP. Some hyper thyroid cats have increased B-ALP activity in serum without a con- 
current: increase in total ALP activity, 40 

C Horses 

1 . ALP has poor diagnostic sensitivity for detecting cholestasis. Horses typically are 
icteric before ALP activity increases. ALP values may range from < 2X URL to > 

10X URL, 
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2. In horses with colic or in res: Inal lesions, ALP activity may increase in the peri toned 
fluid due to increased granulocytic or intestinal ALP activity. However, granulocytic 
or intestinal ALP did not increase total ALP activity in serum, 41,42 

D. Cattle: ALP has moderate diagnostic sensitivity for detecting cholestasis but cholestasis 
disorders are uncommon in cattle, 

y-G LUTAM YLT RA NS F ERASE (GGT) (SYNONYM ABBREVIATION: GGTP) 

L Physiologic processes, concepts, and facts 

A, GGT is associated with cell membranes. It catalyzes the transfer of glutamyl groups 
between peptides, and it is involved in glutathione reactions. Many cells have GGT 
activity, but biliary epithelial ceils, pancreas, and renal tubular epithelial cells are classical- 
ly considered to have the greatest activity. In some species, mammary glands also have 
high GGT activity. In these species* GGT is associated with mammary glandular epirhe- 
[sal membranes and milk membranes in milk, 4 * 44 

B. Colostrum of cows has high GGT activity and the GGT molecules may be absorbed 
from the calf intestine after colostra! intake. Postsuckling calves may have GGT activities 
as high as 20 X URL (using adult reference intervals) and up to 16 times pres tickling 
values, 4 *" 1 ' This physiologic change can he used as evidence of suckling and thus as an 
indication of successful passive transfer 

C. Mare colostrum contains relatively little GGT activity and GGT activity in neonatal 
foals dots not increase after suckling. However, serum GGT activity in foals less than 1 
month old k about 1.5-3 times as great as the GGT activity In adult horses , iB 

D, Because of high colostra! GGT serum GGT activity in 1- to 3-day-old pups is up ro 
100X URL (using adult reference intervals) hut returns to presuckle values within 10 
days after suckling, '' 

IL Tissue sources of increased serum GGT activity and GGT hall- life (Table 12,2) 

II L Analyt Eotl concepts 

A. Other than variations of assay temperatures, there are minimal variations in serum GGT 
activity between assay systems if results are reported in U/L, 

B, In a study involving rat samples, heparin was shown to nearly double the GG 1’ activity in 
an assay that used y-gluiamyl-p-niifoanilide as a substrate.* Heparin also can cause tur- 
bidity in the reaction fluid* which would interfere with transmission photometry, |T There 
were no differences in GGT activities between canine serum and heparinized plasma sam- 
ples using the dry-slide method (Vitro#) that uses the same substrate (unpublished data), 

[ V. I nc reased seru m GGT ' act tv tty (Tab Ic 12.7) 

A. Cholestasis or biliary hyperplasia 

1, Cholestasis is expected to cause increased hepatic and plasma bile acid concentra- 
tions. Increased bile adds or other constituents of bile may stimulate the synthesis 
and release of GGT but mechanisms of increase are not established 7 * Disorders that 
result in cholestasis may also induce biliary hyperplasia and a resultant increase in 
GGT activity. 

2 . Experimental data indicate that increased serum G< IT activity is primarily dependent 
on the degree of hyperplasia of biliary epithelial cells and not on induction ofGG 1 
synthesis, bepatocyte damage, or cholestasis. 


Copyrighted material 




12 / ENZYMES 


Table 12,7 Disorders or conditions that cause increased scram GGT activity 

"Cholestasis (see cholestasis conditions listed for increased ALP in Table 1 2.6) 

Biliary hyperplasia (pyrrolizidine alkaloid-containing plants) 

Induction by drugs or hormones 
Phe nobarbital, dilamin, primidone 

Corticosteroids: end ogenous or exogenous' 1 

Note; Ingestion and absorption of colostrum by neonatal calves and pops may increase serum GGT 
activity. 

’Increased serum GGT activity is generally assumed but has not been proven to be due to induction. 


B, Associated with drugs or hormones 

L Serum GGT activities increased (2-3 times p revalues) transiently (from 13 to 17 
weeks) in dogs given phenobarbiral for 27 weeks, but mean activity did not exceed 
r efere n ce in te reals. 5 1 

2. Increased serum GGT activity in dogs being treated with glucocorticoid hormones 
may not be due to induction, since glucocorticoids, did not induce GGT synthesis in 
cultured hepatocytes. 1 1 However, in prednisone- treated dogs, there were increases in 
both hepatic and serum GGT activities which suggested induction or effects of 
steroid hepatopaihy. 38 

V, . Species differences 

A. Horses 

L Increased GG I activity has better diagnostic sensitivity than ALP for detecting 
cholestasis or other biliary disorders in horses. 

2, Neonatal foals have greater serum GGT activity than do their mares. 48 

B. In dogs, increased GGT activity tends to parallel increases in ALP activity due to 
cholestatic disorders, but ALP probably has more diagnostic sensitivity; GGT values can 
be increased in dogs with .steroid hepatopathy 

C. In 54 cats with liver diseases, disorders associated with increased GGT activity in- 
cluded bile duct obstruction, cholangitis, cholangiohepatitis, lipidosis, neoplasia, hepat- 
ic necrosis, and cirrhosis; GGT activity in 9 (17%) of the cars was WRI7- In 12 of 

15 (30%) of the cats with Lipidosis, the ALP:GGT ratio was increased (i.e., ALP 
activity Increased more than GGT activity). Only 4 of 39 (10%) of the cats with liver 
diseases other than lipidosis had increased ALP:GGT ratios (magnitudes of change not 
reported), 

VI. GGT activity in urine 

A. Damage to renal epithelial cells causes an increased urinary excretion of renal GGT with- 
out increased serum GGT activity. 

B< Because the urinary GGT activity is dependent on the amount of H : 0 excreted by the 
kidneys, the measured urine GGT activity .is difficult to interpret,. The (GGT:Crt) w ratio 
reduces the variations caused by variable degrees of renal tubular resorption of H : Q (see 
Chap, 8). 

L An increased (GGTtCrt) u ratio should indicate that the rate of GGT excretion is 
increased relative to the rate of creatinine excretion. Such an increased (GG T:Cft) u 
ratio has occurred with renal diseases in dogs and pontes A' 

2. Because creatinine clearance is almost entirely dependent on GFR but GGT excre- 
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cion is not, it is possible that an increased (GGTiCrt)^ ratio could he due to 
decreased GFR and not increased release of GGT by tubules. 

5, The units for reported (GGT:Cit) u ratios have been mixed volume units; Le., calcu- 
lated from GGT in U/L and Crt in mg/'dL, 

CREATINE KINASE (CK) 

E Physiologic processes, concepts, and facts 

A. CK is a cytoplasmic enzyme that catalyzes a reversible reaction involved in the transfer of 
PO| from creaiine-PO^ to ADP to form ATP. Creatine phosphokinase (CPK) is not an 
acceptable name for die enzyme. 

R, CK is a dimer. There are four isoenzymes that have variable cell distributions: CK-1 
dominates in brain, CK-2 and CK-3 in cardiac and skeletal muscle, and CK-Mt in mito- 
chondria of manv tissues. 

II. Tissue sources of increased scrum CK activity and CK half-life (Table 12.2} 

Ml Analytical concepts: Other than variations in assay temperatures, there are minimal varia- 
tions in serum CK activity between assay systems if results are reported in U/L. The analyti- 
cal ranges ol some commercial assays are too narrow for some domestic mammals and thus 
sera frequently may need to be diluted to obtain numeric results. 

IV. Increased serum CK activity (Table 12.8) 

A. A variety of insults (pathologic and iatrogenic) may damage muscle fibers and cause the 
release of CK from muscle fibers, CK may be released because of necrosis or reversible 
cell damage. 

1 . The magnitude of increase can be mild to extreme (< 2X URL to > 50 X URL) and 
is somewhat proportional to the degree of muscle damage. 

2. From a single insult (e.g., recumbency or other trauma), there can be very rapid 
increase (hours) and a rapid decline (hours to days) because of the short CK half- 
life. 


Table 1 2.8, Disorders or conditions that cause increased serum CK activity 

Muscle damage (mostly skeletal, occasionally cardiac, rarely smooth) 

"Degenerative: hypoxia due to exertion or seizures, exertional rhabdo myolysis, saddle 
thrombus 

Metabolic: feline hyperthyroidism 

Neoplastic: metastatic neoplasia 

Nutritional: vitamin E or Se deficiency 

Inherited: musculodysirophy, hyperkalemlc myopathy 

Inflammatory: myositis due to Nemp&m, Toxoplasma* bacteria or other agents 

Toxic: monensin, castor bean, gossypol 

"Traumatic: intramuscular injections, hit-by-car, recumbency in horses and cattle, seizures, 
exertion 

AW; lasts of specific diseases or conditions arc not complete bur are provided to give examples, fn 
vitro hemolysis may cause a falsely increased CK activity in some CK assays. 
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Table 1 2,9* Disorders or conditions that cause increased serum AMS and LPS activities 

Pancreatic acinar cell damage: inflammation* neoplasia (AMS and LPS) 

Decreased renal clearance 

Prcrcnal disorders: dehydration, shock (AMS and LPS) 

Renal disorders: acute or chronic renal diseases (AMS and LPS) 

Postrenal disorders: urinary tract obstruction (AMS and LPS) 

Macroamylasemia (AMS) 

Other or unknown mechanism 
Dexamerhasone treatment (LPS) 

Hepatic neoplasia (LPS) 


not result in acinar cell necrosis. The AMS may gain access to blood via lymphatic 
vessels. In experimental canine pancreatitis* serum AMS activity peaks within 12—48 
hr and persists for 8—14 days.'" 

2. Species variations 

a. Serum AMS activity in dogs with acute pancreatitis range from WRI to extremely 
increased (> 10 X URL). 

b. In. cats with spontaneous pancreatitis, serum AMS activity may be WRI or mildly 
increased (< 3X URL) 3^ In experimental pancreatitis in six cats, serum AMS 
activity did not increase,® 

c* Measurement of serum AMS activity has not Wen useful for diagnosing pancre- 
atitis or other diseases in horses or cattle. 

3, Pancreatic neoplasia can also lead to increased serum AMS activity, 

B. Decreased renal inactivation or excretion 

L Tn dogs, clinical and experimental data indicate that there is an increased half-life of 
plasma AMS when there is decreased renal blood flow or decreased functional renal 
tissue. 61 * 62 Experimentally, the increased half-life may lead to hyperamylasemia (mean 
increase of 2, 5-4.0 times baseline values), Clinically, the increased AMS activity is 
expected to be < 3X URL in conditions that cause decreased GFR without pancreat- 
ic acinar cell damage. 

2. Exactly how renal functions influence serum AMS activity has not been established, 

a. Very little to no AMS activity is found in the urine of healthy dogs, 

b. There is a correlation between amylasuria and proteinuria, especially glomerular 
proteinuria. Thus, it appears in health that the glomerular 'filtration barrier limits 
the amount of AMS that gets into the tubular lumen, or perhaps a large amount 
of luminal protein interferes with AMS inactivation by the tubular epithelial 

cells njb\M 

c. Experimental damage to proximal renal tubular cells causes increased urinary loss 
of AMS, but relatively not as much as urinary loss of LPS or lysozyme* Proximal 
tubular epithelial cells have some ability to in activate or resorb AMS if AMS does 
get through the glomerular filtration barrier. w 

d. Formation of macroamylase molecules in blood also influences serum AMS activi- 
ty; as they would not pass through a healthy glomerular filtration barrier and may 
have a longer half-life (macroamylase Es a complex between AMS and an 
immunoglobulin or other protein). MacroamylasemU contributes to the hyper- 
amylasemia in. some dogs with renal, failure. However, hyperamylasemia 'was still 
present in some sera after the macroamylase molecules were removed. w 
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line values). Clinically, the increased LPS activity is expected to be < 4X URL in 
conditions that cause a decreased CFR without pancreatic acinar cell damage. 
However, greater LPS activity (6-8 X URL) has been reported with some renal eases 
that did not have evidence of pancreatic disease 68 and 10 X URL in a case of sponta- 
neous primary renal failure.’"' 

2. Hyperlipidemia associated with renal disease may be due to decreased renal i n activa- 
tion ot LPS, 

C. Associated with pancreatic or hepatic neoplasia in dogs: In five of six cases* histochemical 
and immunohistocheiTucal findings indicated that pancreatic and hepatic neoplasms were 
potential sources of mild to marked increased serum LPS activity/’ 5 The same dogs did 
not have significant increases in serum AMS activity. 

D. Associated with dexamethasone treatments in dogs'" 

1. Hyperlipase mia (< 2X URL) was found in 24 healthy dogs by the 8th day of treat- 
ment with dexamethasone either at 2 mg/kg or 0,2 mg/kg. In dogs with neurologic 
disease, hyperlipasemia of increasing severity {mean value = 4.6X URL) occurred by 
the 1 0th day of treatment (initial dose at 2 mg/kg then reduced doses); the number 
of sampled dogs varied from two to eight on different days. 

2. Microscopic evidence of pancreatic damage was not found and concurrent hyperamy- 
lase mb was not found, 

OTHER SERUM ENZYMES 

Many serum enzymes have been assessed in an attempt to find better indicators of pathologic 
states involving hcpatocytes or ocher cells (Table 12.10), For a variety of reasons, most have failed 
to he as clinically valuable as those described earlier in this chapter. 

Decreased IN has shown to be valuable in diagnosing exocrine pancreatic insufficiency. 
Increased TLI has been found in active pancreatitis (see Chap. IS). 


Table 12,10. Other scrum enzymes 


Serum enzyme 

Disorder 

causes 

Diagnostic value 

5 * -nucleotidase 

T 

Hepatobiliary disease 

Aldolase 

T 

Muscle fiber damage 

Arginase 

t 

Hepatocyte damage 

Cholinesterase 3 

i 

Organophasphate toxicosis, infections, chronic 
liver disease 

G 1 utamatc dchyd rogc n a sc 

T 

Hepatocyte damage 

I sot i i rate dehy d rogenase 

T 

Hepatocyte damage 

Leucyl aminopcptidasc h 

t 

Hepatobiliary disease 

Mai rase 

T 

Intestinal mucosa damage 

Muram i da.se ( lysozym c) 

T 

Neo plas ia ( hist iocy tic) 

Mala re dehydrogenase 

T 

Hepatocyte damage 

Omit hi ne ca rba m oy U i r ans [erase 

T 

Hepatocyte damage 

Try ps i n - like i mm u no reacts vi ty 

T 

Pancreatitis or decreased GFR 

(TLI) (see Chap. 15) 

x 

Exocrine pancreatic insufficiency m dogs and cats 


1 Plasma “pscudochdincstcrase” or butyrylcholinesierase; nor acetylcholinesterase of myoneural junction. 
b Also called leucine amlnopeptidare- 
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Table 13.1. Abbreviations and symbols in Chapter 13 


M 

ADP 

ALP 

ALT 

AMP 

AST 

ATP 

m 

BA 

Be 

Bd 

Bi 

Bt 

Bu 

Bu/Alb 

Epo 

FDP 

GGT 

Her 

Hgb 

ID 

[L-6 

ID 

NADP 

NADPH 

NH* 

NH 4 + 

PT 
PIT 
SI unit 

TNFa 

TP 

USG„ f 

WRI 


symbol in tables to indicate relatively common disease or condition 
concentration of it; x = analyte 
adenosine diphosphate 

aJkal inc phosphatase 
aJani nc transaminase 
adenosine monophosphate 
aspartate transam inase 
adenosine triphosphate 
ddta bilirubin 
bile acid 

con ligated hili r ubi n 
direct bilirubin 
indirect bilirubin 
total bilirubin 
unco n j uga ted bilirubin 

unconjugated bilirubin bound to albumin (non covalent) 
erythropoietin 

fibrin or fibrinogen degradation product 

y - gl utamy I transferase 

hematocrit 

hemoglobin 

iditol dehydrogenase 

interleukin-6 

lactate dehydrogenase 

nicotinamide adenine dinucleoride phosphate 
reduced nicotinamide adenine di nucleotide phosphate 
ammonia 

ammonium 

prothrombin time 
partial thromboplastin time 
Sy s terne In ternacionaJ d ' Un i tes 
tumor necrosis factor-a 
total protein 

refracro metric urine specific gravity 
wi th I it reference interval 


PHYSIOLOGIC FUNCTIONS OF THE LIVER 

The liver has many vital physiologic functions involving synthesis* excretion, and storage* 
When a disease process damages cells within a liver, changes in hepatic function may result in 
abnormal composition of body fluids that can he detected by laboratory assays. 

[. Functions involving body fuels 

A. Protein synthesis; Hepatocytes synthesize most plasma proteins (over 1000 proteins), 
including albumin and most globulins (except immunoglobulins). Most synthesis is /if 
novo (from new), either from essential (dietary) amino acids or from nonessential amino 
acids made by hepatocyres. 
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Table 1 3.2* CBC and chemistry test results (pathologic findings) that suggest or indicate 
hepatic disease m dysfunction 

Pathologic fi ridings 

Hepatic lesion 
suggested 

Pathogenesis of finding 3 

CBC results 

Acanthocytosis 

H e mangiosa rcoma 

Possibly vascular trauma 


Lipid metabolism defect 

Altered lipid composition of 

Anemia 

Hepatitis 

erythrocyte membrane 
Anemia of inflammatory disease 


-I- functional mass**- 

Possibly 1 Epo or abnormal 

Codocvtosis 

H 

4 functional mass 

protein or ammo acid metabolism | 

Altered lipid composition of 

Microcytosis 

4 functional mass 

erythrocyte membrane 
Possibly X transferrin production 


Portosystemic shunt 

and thus X delivery of iron to ery- 



throcyte precursors 

Chemistry assay res ill is 

i UN 

4 functional mass 

X urea production 

Hyperam mo ncm la 

4 functional mass 

Inadequate fixing ofNH 4 + into urea 

Hyperb i 1 irubi nemia 

Portosystemic shunt 
Cholestasis 

inadequate biliary excretion of bilirubin 

Hype rcholes tetolem ia 

i Be transport 
Cholestasis 

r production of cholesterol and 4 

Hyperglycemia 

Cirrhosis 

clearance of lipoproteins 
Hyperglucagonemia or increased 


Hcpatopathy 

gluconcogcnesis of hepatocutaneous 

Hyperuricemia 

X functional mass 

syndrome 

1 conversion of uric add to allantoin by 

Hy poalbu minem ia 

X functional mass 

hepatocytes 
4 albumin production 

Hy pocholcsrcrol e m ia 

4 functional mass 

X cholesterol synthesis 

Hypofibri nogenem ia 

X functional mass 

i fibrinogen production 

Hypoglycemia 

X functional mass 

4 gluconeogenesis 

Hypoprotei ncm ia 

X functional mass 

4 production of albumin and globulins 

t ALT, AST, ID. LD 

Damaged hepatocytes 

other than "y-globulins 
Release of cytoplasmic enzymes due to 

activities 


blebbing or necrosis 

t ALP activity 

Cholestasis 

T product ion of L- ALP 

T GGT activity 

Biliary hyperplasia 

T production of GGT 

Lipemia (gross) 

X functional mass 

4 clearance of lipoproteins 

1 See more complete explanations in chapters for each particular analyte. 

** Decreased functional mass 

results from diffuse hepatocyte damage, destruction, atrophy, or hypoplasia. 
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Table 133. Urinalysis, coagulation* focal* and peritoneal fluid test results (pathologic find- 
ings) that suggest or indicate hepatic disease or dysfunction 


Hepatic lesion 


Pathologic finding?: 

suggested 

Pathogenesis of finding 3 

Urinalysis results 

Ammonium hi urate 

i functional mass 

Inadequate fixing of NH.p into urea 

crystal! uria*” 


and i conversion of uric acid to allantoin 

Bilirubin uria h 

Cholestasis 
'i Be transport 

Inadequate biliary excretion of bilirubin 

Hyposthenuria or 

1 functional mass 

i renal medullary tonicity due to 

isosrhenuria b 


decreased urea concentration; T NH 4 f 
excretion may inhibit concentrating 
mechanism 

Urate crystalluria 11 

i functional mass 

•l conversion of uric add to allantoin 

Coagulation assay results 

Prolonged FIT or FI 

Cholestasis 

'l vitamin Independent coagulation 

factors due to impaired intestinal absorp- 
tion of vitamin K 


i functional mass 

1 clearance of inhibitors of coagulation 
factors such as FDP 

i production of most coagulation factors 

Fecal exam results 

Steatorrhea 

Cholestasis 

Defective lipid digestion because bile 
acids not delivered to intestine 

Peritoneal fluid analysis 

Transudate 

4- functional mass 

1 Na + and H O retention, i plasma 


Cirrhosis 

oncotic pressure, portal hypertension* 
i lymph drainage 

* See more complete expla 

nations in chapters for each 

particular analye. 


b May occur in clinically healthy animals; e.g. T ammonium biume crystal I uria in dalmations, urate crystal - 
luria in English hulldogs, biEirubinum in dogs, and, hyposthenuria or isosthenuria as a physiologic response to 
excess water intake. 


B. Biliary disease may also result from a variety of insults, but it is most often the result of 
inflammatory, neoplastic, or toxic disorders of the biliary system. 

C Hepatic insufficiency is a pathophysiologic state in which there is a marked reduction of 
functioning hepatocyces (hepatic insufficiency and hepatic failure are usually considered 
synonyms). Disorders diat cause hepatic insufficiency fall into two groups: 

1. Disorders that destroy hepatocytcs (hepatocellular disease) may progress slowly, recur 
episodically, or involve rapid, extensive necrosis. 

2, Portosystemic shunts (congenital or acquired) cause either hypoplasia or atrophy of 
liver because of decreased nutrients reaching hepatocyces from portal blood. 

D. All animals with hepatic insufficiency have too few functioning hepatocytcs, but many 
animals with hepatocellular disease do not have hepatic insufficiency. Most animals with 
primary biliary disease will develop secondary hepatocellular disease. Many animals with 
primary hepatocellular disease develop secondary biliary disorders. Either hepatocellular 
or biliary diseases may result in hepatic insufficiency 
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EL Laboratory rest results that indicate hepatic insufficiency do not tell us which hepatocel- 
lular or hepatobiliary disease the animal has, or if the disease process is reversible or 
irreversible. 

III, In clinical jargon, some people refer to hepatic enzymes (ALT, AST, ALL GGT, ID) as liver 
function tests. However, increased activities of the enzymes do not directly indicate loss of 
any liver function, and liver function can be greatly reduced without increased serum 
enzyme activities. To emphasize the latter concept, would the serum activity of a hepatic 
enzyme increase if you removed an animals liver? 

IV, Decreased functional hepatic mass 

A. Hepatic insufficiency occurs when hepatic functional mass has decreased enough to cause 
a pathophysiologic state. The decreased functional mass typically results from too few 
hepatocyres (rlius a small liver). However, it also may result from dysfunction of existing 
hepatocytes and occur with hepatomegaly or a norma I -sized liver, 

3, There are many diseases and conditions that may decrease an animals functional hepatic 
mass. These include the following’ 

1, Degenerative: hypoxia due to anemia or congestion 

2 , Anomalous: portosystemic shunt 

3. Metabolic: lipidosis, diabetes mellitus, hyperad re nocort k ism 

4. Neoplastic: lymphoma, metastatic neoplasia 
X Inflammatory 

a. Infectious: leptospirosis, histoplasmosis, feline infectious peritonitis, bacterial 
c ho tangio hepatitis , Tyzzer's disease 

b. Non infectious: chronic active hepatitis 

6. Inherited: copper or lysosomal storage diseases 

7. Toxic: steroid hepatoparhy* some anesthetic agents, tetracycline, caiprofen, Copper 
toxicosis, hemochromatosis, pyrrolfzidme alkaloid -containing plants 

8. Traumatic: hit- by-car 

V, Cholestasis 

A. Cholestasis is defined in different ways. In a dictionary definition, cholestasis is the 
“stoppage or suppression of bile flow,”- 3 

L The “stoppage" component of the definition is consistent with the observations of 
distended bile ducts (grossly) and bile plugs, lakes, or pigments (microscopic) that 
result from extrahepatic or inirahepatic lesions that obstruct bile flow and thus 
reduce the volume of bile leaving the biliary system. 

2 . The "suppression" component of the definition is consistent with pathophysiologic 
states involving impaired BA excretion into bile. As the osmotic effects of secreted BA 
largely control bile volume, decreased BA secretion may reduce the volume of bile 
produced by the biliary system and thus reduce bile flow (less bile volume/ day), 

3. Cholestasis is commonly used in the context of the icterus that occurs because of 
obstructive biliary lesions. However, Be is a very small component of bile and con- 
tributes little to formation of bile or bile volume. When there is obstructive biliary 
disease, there probably is decreased bile flow 1 , decreased Be excretion, and decreased 
BA excretion. 

4. From one perspective, understanding “obstructive cholestasis” is necessary to explain 
structural consequences of biliary disease. However, from another perspective, under- 
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standing "functional cholestasis" is necessary to explain rhe pathophysiologic conse- 
quences of defective bile acid excretion, 

B. The different uses of the terra cholestasis are mentioned to help clarify statements that 
may appear to be conflicting. For example* a pathophysiologic state associated with 
endoroxemia is called either “functional cholestasis" or ‘sepsis-associated cholestasis.” In 
this context, then’ is defective BA excretion from hcpatocytes to bile but there is not an 
obstructive lesion that impairs bile flow. 

C. Bile add. and bilirubin pathways have similarities but also marked differences, 3 They will 
be covered in more detail in separate sections, 

L Bu is a product of heme degradation; BA is a product of cholesterol degradation. 
Heme and cholesterol do not share physiologic pathways. 

2, Bilirubin (Be and Bu) and BA enter hcpatocytes through sinusoidal membranes, but 
by different membrane transport systems. 

3, Be and BA are excreted from hcpatocytes through canalicular membranes* but by dif- 
ferent membrane transport systems* 

4, Pathologic states that damage hepatocyte membranes can result in both impaired 
bilirubin and BA excretion. These defects may be further linked because accumula- 
tion of BA in hcpatocytes may cause hepatocyte damage that interferes with bilirubin 
metabolism. However, pathologic states that selectively interfere with transport sys- 
tems may result in Impaired excretion of one analyte but not the other. 

RILI RUBIN CONCENTRATION 

I, Physiologic processes (Fig, 13,1) 

A. In plasma, there are three fractions of total bilirubin (Bu/AJb* Be, Bft-AIb); Bu/AIb is 
dominant in the absence of disease. Bu is constantly produced from the turnover of 
heme from senescent erythrocytes and heme-con raining proteins. In health, Bu and Be 
are rapidly removed from plasma by either liver (Bu* Be) or kidneys (Be). The sponta- 
neous and covalent binding of bilirubin glucuronide isomers (Be) ro albumin forms Bfy 
once formed, it has the circulating half-life of albumin (- 10—14 days). 3 

B. Small amounts of bilirubin are commonly found in urine of healthy dogs. It has not 
been established if the bilirubin is Be or Bu/AIb, It is frequently assumed to be Be 
because Be is H 2 0 soluble and passes freely through the glomerular filtration barrier 
However* small amounts of albumin are also commonly present in urine of healthy dogs* 
so some bilirubin may lie in the form ol Bu/Alb. 

C Healthy horses have higher serum [Be] than other domestic animals* about 0. 7-2.0 
mg/dL in horses versus < 0,5 mg/dL in other animals. 

II. Analytical concepts 

A, Unit conversion: mg/dL X 17.10 = pmol/L (SI unit, neatest 2 pmtil/L.P 

B. Conventional spectrophotometric methods (wet chemical assays) 

1. There are several bilirubin assays that attempt to measure all bilirubin fractions (total 
bilirubin, Bt) or only the non-Bu fractions (direct bilirubin, Bd). The classic biliru- 
bin assay was the van den Bergh method, but it has been replaced by other assays 
(e.g-, Malloy-Evelyn and Jendrassik-Grdf methods) for several decades, 
a, Bu reacts slower than Be in most bilirubin reactions* so substances arc added to 
accelerate its participation in [Bt' assays. When the accelerant factors are not pres- 
ent, then the non-Bu fractions arc measured {called direct bilirubin reaction). 
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Mg. 1 3.1. Physiologic processes involving bilirubin. (Buy Alb ■ Bu associated with albumin, BB*A!b ■ BA 

bonded to albumin, M4> = macrophage, I'DP-C = uridine d iphosphogj ucuron idc, Sb * stcreobi Imogen, Ub 

= urobilinogen) 

* In health, erythrocyte destruction wirhin macrophages of the spleen, liver, or bone marrow results, in degra- 
dation of heme to Bu, Small and usually clinically insignificant amounts of Bu arc formed from heme 
degradation associated with ineffective erytliropoiesis and degradation of other heme-containing molecules 
(catalase, peroxidase, cytochromes). As Bu leaves a macrophage, it forms a noncovalent association with 
albumin (Alb) and remains associated with albumin until uptake by hepatocytcs. Bu is relatively water 
insoluble prior to binding to albumin, 

* When Bu enters the liver and its protein -permeable sinusoids, it enter! hepatocytcs without albumin and 
binds to y- protein (ligand in) or i-protcin (fatty-acid binding protein), Bu probably enters hepatocytcs by a 
passive but facilitated process; binding proteins enhance the process by reducing the efflux ol Bu back to 
the sinusoidal plasma. 

* Within hepatocyres, Bu is conjugated with glucuronide (glucose in horses) to form bilirubin monoglu- 
curonide or bilirubin diglucuronide, collectively called Be, 

* Be is transported from hepatocytcs into canalkuli (the rate-limiting step in bilirubin excretion) by an ener- 
gy-dependent transport system for organic anions other than bile acids. 

* Be in bile enters the intestine and is degraded to urobilinogen (colorless). Urobilinogen can be passively 
absorbed in she intestine and then enter hepatocytcs for excretion in bite, or bypass the liver and be excret- 
ed in urine. Urobilinogen can also be degraded to srercnbili nogen (dark brown) and excreted in feces. 

* If Be escapes hepatocytcs and enters blood, if can pass through the glomerular filtration barrier and be 
excreted in urine. Spontaneous changes in plasma Be result in covalent binding of the modified Be: to form 
B8, Because albumin does not pass through the glomerular filtration barrier of most mammals, Bu/Atb and 
BA -Alb do not enter urine in those animals. 


b. From the measured [Bi] and (BdJ, [BiJ is calculated by subtraction: [Bt] - [Bd] = 

. [Kl1 

2 . If these assays arc used* laboratories may report the following concern rations that 
should represent the following bilirubin tract ions. [BA. is not specifically measured 
and cannot be calculated by these methods. 
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a. IBtJ (measured) * (Be) + [BB] + [Bu] 

b. (Bd) (measured) * [Be] + [B5] 

c. [Bi] (calculated) « (Bt] - [Bd] = [Bu] 

C. Dry chemical methods using thin -layer reagent slides (Kodak®’ ot Vitro# instruments) 

1, The assays use modified bilirubin diazo- reactions in thin-layer reagent films and are 
designed to measure the following: 

a. [Br] = [BcJ + fBS] + [Bu] 

b. (Bu) 

c. [Be] 

2. From those measured concentrations, the following are calculated. 

a. [BB] = [Be] - [Be] « [Bu] 

b. [Bd] * (Be] + [BBT 

D. Procedural notes 

1 . Hgb interferes with azo-reactions and produces falsely low [Bt] with Malloy- Evelyn 
and Jendrassik-Gr6f methods, However in the chin-layer reagent slides. Hgb falsely 
increases the [Bt, and [Be] and falsely decreases [Bu], 

2. Light (ultraviolet) degrades bilirubin (direct sunlight: up to 50% decrease In 1 hr), 

3. Using thin- layer slide assays, the sum of [Be] and [Bu] may exceed the measured [ Bt] 
(especially in horses). It has not been established if the [Bt) is falsely decreased or if 
the sum of [BcJ and [Bu] is falsely increased. 

Ill,, Hyperbilirubinemia (Tabic 13.4) 

A. Hyperbilirubinemia occurs when the rate of Bu production exceeds the rate of Bu uptake 
by hepatocyres* or the rate of Be formation in hepatocytcs exceeds the rate of Be excre- 
tion in bile. Hyperbilirubinemia may persist after removal of the cause (e.g., obstruction) 
because of the long half- life of B5. 

B. Increased Bu production 


Table 13.4. Diseases and conditions that cause hyperbilirubinemia 

Increased Bu production 

’’Hemolytic disorders, especially extra vascular hemolysis (see Table 4,8) 

Decreased Bu uptake by heparocytes 

“Fasting or anorexia (especially in horses) 

Decreased functional mass (diffuse hepatocellular disease; see text for examples) 
Decreased Bu conjugation 

Decreased functional mass (diffuse hepatocellular disease; see text for examples) 
Decreased Be excretion in bile 
Obstructive cholestasis 

"Hepatic cholestasis: lipidosis, lymphoma, histoplasmosis, cyrauxzoonosis* cirrhosis 
cholangi ti s, chola n giohepa tiris 

"Post- hepatic cholestasis: cholangitis, bile duct neoplasia, liver flukes, cholelithiasis, 
cholecystitis, pancreatitis, pancreatic neoplasia 
Functional cholestasis (sepsis-associated cholestasis) 

Persistence of Bo in plasma __ 

Note: Lists of specific disorders or conditions are nor complete but arc provided to give examples. 
Depending on the assay method, hemolysis may cause either positive or negative interference with 
bilirubin assays. 
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L Hemolytic (prehepa tie) icterus (Fig, 13,2) 

a. Disorders 

(1) Hemolytic disorders chat may cause icterus are listed in Table 4.8, Animals 
with acute intravascular hemolytic disorders are less likely to be icteric 
initially, 

(2) If the rate of extravascular hemolysis is low, the hepatobiliary system may be 
able to eliminate Ru so it does not accumulate in plasma. 

b. Pathogenesis 

(1 ) An animal that has a hemolytic anemia may develop icterus if the rate of Ru 
formation exceeds the hepatobiliary systems capacity for Ru uptake or Be 
excretion (Fig. 13.2), 

(2) Pathogeneses of hemolytic diseases are described in Chapter 4 f 

c. Results of serum bilirubin profile (Table 13.5) 

S i) [Br] may be mildly to markedly increased. 

(2) Initially, [Bu] » [Be), It persistent, then [Eu| may approximate [Re), 
Secondary hypoxic hepatocellular degeneration) or concurrent hepato- 
biliary disease may complicate the pattern. 

(3) It has been written that bilirubin fractions do not help differentiate hemolytic 
and hepatobiliary icterus because [Be] is always greater than (BuJAThis con- 
clusion appears ro be supported by findings in. a group of eight dogs that had 



Fig, 13,2, Hemolytic icterus. (Du/Alb * Bu associated with album in, Bh-Alb = B& bonded to albumin, M4> 

■ macrophage, UDP-Cj * uridine diphosphoglucuronide, Sb ■ scercobilinogen, Ub * urobilinogen) 

Accelerated destruction of erythrocytes in macrophages of spleen (also liver and marrow) causes increased 
production and delivery of Bu ro heparocytes. Iff the rate of Bu formation exceeds the livers ability to clear Bu 
from plasma, hyperbilirubinemia dominated by Bu wilt develop. Increased delivery of Bu to hepatocytes also 
causes increased Be formation and biliary excretion. If Be formation exceeds Re transport to canal iculi, rhen 
Be can be 'regurgitated ' ro plasma. The increased [Be] in plasma will result in increased Be excretion in urine 
(bitirubinuria). 
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(3) Lack of colostrum intake was considered a contributing factor to icterus in 
veal calves. lu 

b, Pathogenesis: The fasting state leads to increased mobilization of fat [lipolysis in 
adipocytes) and thus increased free fatty-acid concentration in blood. The free 
fatty acids interfere with Bu uptake by hepatocytes and thus plasma [BuJ in- 
creases. 9 The interference may be competitive because fatty acids and Bu bind to 
the same cytoplasmic receptor protein ( 2 -protein or fatty-acid binding pro rein) 3 

e. Species comments 

(!) Horses might be more prone to this form of icterus because they conjugate 
bilirubin with glucose rather than glucuronic acid. 11 Fasting may make less 
glucose available in hepatocytes for Bu conjugation. Administration of glucose 
to horses with fasting hyperbilirubinemia lowered plasma concentrations of 
bilirubin and free fatty acids. 12 It was not established if the lower bilirubin 
concentration was due to availability of glucose or reduction in free fatty' acids. 

(2) Similar interferences in bilirubin excretion likely occur in ocher animals, but 
changes in [Brf are minimal. Anorectic sick cats occasionally have slight 
hyperbilirubinemias (increased [Bu]) and thus it is easy to speculate chat free 
hi try acids are contributing to defective Bu clearance, 

(3) Increased |Bu] may also occur in horses chat are not anorectic or anemic, The 
pathogenesis of this hyperbilirubinemia is not understood. 

d. Results of serum bilirubin profile (Table 13.5) 

(!) In horses* [BtJ is typically < 8 rng/dL and nearly all is [Buj or [Bi], 

(2) Minor Increases in [Be] or [Bd] may occur because Bu and. Be compete for 
heparocyte uptake. 

c. Other expected laboratory findings 

(1) In horses, fasting or anorexia dries- not produce abnormalities in ocher routine 
laboratory tests. Thus* hepatic enzymes are expected to be WRI if hepatobil- 
iary disease is not present. Bet is expected to be WRI unless anemia is pro- 
duced by the disorder that is causing the anorexia, 

(2) In cattle with hepatic lipidosis, the accumulation of lipid leads to hepatocyte 
swelling and damage. Thus, scrum activities of hepatic enzymes may be 
increased. 

2, Decreased functional hepatic mass 

a. A marked reduction in functional hepatocytes can result in decreased Bu uptake 
by hepatocytes, decreased Bu conjugation, and decreased Be excretion. However* 
if a disease is causing only decreased functional mass and not obstructive cholesta- 
sis, then clinical icterus is not expected. 

k Disorders that cause decreased functional mass are mentioned in Abnormal 
Results of Routine Laboratory Tests, IV. B above. 

3- Hereditary deficiencies in hepatic uptake of Bu may cause hyperbilirubinemia and 
have been recognized In Southdown sheep 13 and Corriedale sheep, M 
D. Decreased Bu conjugation 

1. As mentioned above, a marked reduction in Functional mass would result in a reduc- 
tion ot Bu conjugation. When there is saturation of cytoplasmic receptor proteins, 
the uptake of Bu by hepaiocyres decreases, 

2, Hereditary deficiencies of enzymes that catalyze conjugation reactions occur in people 
and laboratory animals but have not been, recognized in out common domestic 
mammals. 
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B. Because of the low renal threshold for Be, hiltrubinuria may be detected before hyper- 
bilirubinemia is detected. If hyperbilirubinemia (from Be) is present, ihen bilirubin or ta 
is expected. 

C. As explained Era Chapter 8, $ positive bilirubin reaction in a urinalysis should be inter- 
preted with knowledge of USC rLhn especially in dogs. Moderately concentrated urine 
(tJ$G [rf = 1.025-1.040) of healthy dogs frequently gives a small bilirubin reaction; mod- 
erate reactions occasionally occur with more concentrated urine (USG rd > 1.040), 

V. Icterus index 

A, Definition: a value that represents an estimation of the yellow discoloration of plasma 
caused by hyperbilirubinemia 

B. Methods 

L Potassium di chromate method 10 

a. Icterus index is determined by comparing the color of a patient's plasma to a set 
of standard solutions containing potassium dkhromate. Icterus index is recorded 
in units from 0 to 100, Plasma of healthy herbivores is expected to be more yel- 
low because carotenoid pigments from plants may impart a yellow discoloration. 

b, Hemolyred or I i penile plasma can falsely elevate the icterus index, 

2. Hitachi method 

a. The Hitachi chemistry analyzers estimate the bilirubin concentration by spec- 
tiophotometric assessment of absorbance changes due to the presence of biliru- 
bin. The method involves consideration of absorbance changes due to hemoglo- 
bin or lipids* if present. 

b. The icteric index is reported as a numerical value (c„g., 10) that corresponds ro 
absorbance changes expected by a [Be] of 10 nng/dL. 

3, Clinical laboratories may subjectively grade the severity of icterus (mild, moderate* or 
marked) by assessing the degree of yellow to orange discoloration of plasma or scrum, 
Serum [Bt] typically exceeds 1.5 mg/dL before visible icterus (in sera or mucous 
membranes) is detected (depends somewhat on species and observers experience). 

BILE ACID (BA) CONCENTRATION^ 

I. Physiologic processes (Fig. 13.4) 

A. In health* the enterohepatic circulation of bile acids is highly efficient and nearly all bile 
salts excreted in bile are returned to the liver via intestinal absorption and portal blood 
flow. 

B. Bile salts are the major solids in bile that enter the intestine after gall bladder contrac- 
tion. After intestinal absorption of BA, higher [BA] in portal blood may exceed the liver’s 
ability ro extract BA and thus* there is a postprandial increase in [BA! in systemic blood. 
Tp ic Lilly, gall bladder contraction results from actions of cholecysioklnin that is released 
after ingestion of a meal. However, gall bladder contraction may occur at other times, 

C. BA excretion from heparocytes to canaliculi occurs through two processes; one is Na 1 "- 
dependent and one is not* 

11 Analytical concepts 
A, Terms and units 

L In common use* the term hik mids refers to a group of cholesterol -derived anionic 
acids and their dissociated anions. The bile acids include cholic acid* chenodeoxy- 
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hepatocyte canalicular membranes and thus impair BA excretion. 17 The result- 
ant impairment in BA excretion is called functional cholestasis {see Bilirubin 
Concentration* 1ILE.2 above), 

B. Mild increases in serum (BA] occur in healthy animals after meals. Postprandial increases 
are also exaggerated in some hepatobiliary disorders. These findings are the basis of the 
bile acid challenge test {see section [V below), 

C. In horses, increased serum [BAJ was found in nearly all horses (3-6 of 38) with, hepatic 
necrosis* lipidosis, neoplasia, or cirrhosis. In contrast, only 2 of 78 sick horses without 
liver disease had increased serum (BA] (reference interval not stated but upper limit esti- 
mated from a graph to be 1 8 pmol/L) + 22 

D. In cattle* the diagnostic sensitivity of serum [BA] varied among liver disorders; fasciolia- 
m (100%, n = 11), biliary calculi (100%, n - 2), hepatic abscesses (53%, n = 15), lep- 
tospirosis {7 1 %, n m 7 ), hepatic lipidosis ( 86 %, n ■ 36 ) (reference interval not stated, but 
upper limit estimated from a graph to be 40 pU/L). 23 In another report* values for serum 
[BA1 were increased in cattle with hepatic lipidosis, hepatic abscesses* leptospirosis, and 
fasrioliasis with mean concentrations of 90-225 pmol/L at initial evaluation, 2 ' 1 

IV. Bile add challenge test for dogs and cats 

A. Principle: A 12 -hr fasting (BA] provides a baseline assessment of the amount of BA that 
escapes enterohepatk circulation and enters systemic blood. After ingestion of a stan- 
dardized meal* gall bladder contraction releases bile salts to the intestine from which they 
are absorbed and then enter portal blood. This influx of endogenous bile salts challenges 
the ability of the hepacocytes to keep bile salts within the enterohepatic circulation, 

B. Procedure 

1 , A fasting sample is collected from the dog or eat after a 12 -hr fast. Then, the animal 
is observed while it ingests food containing protein and fat (e,g +1 2 teaspoons of a 
canned food for those < 10 lb, 2 tablespoons for large dogs), A 2-hr postprandial 
sample is collected. 

2. Blood collection and processing methods should not cause hemolysis because Hgjb 
interferes with the BA assay Postprandial lipemia should be avoided, by first collect- 
ing a fasting sample and then limiting the amount of ingested food. 

C. Published data 

L Dogs 23 (Table 137) 

a. Fasting and postprandial samples had high diagnostic sensitivity' for liver disease 
and portosystemic shunts, but they did not consistently differentiate the type or 
severity of the disease. Some dogs with nonheparic diseases may have increased 
fasting and postprandial [BA], but increases are typically minor, 

b. Diagnostic sensitivity and specificity (for presence or absence of liver disease) 
approached 100 % when the following criteria were used to classify the results as 
positive (data from a total BA enzymatic assay). 

(1 ) Fasting [BAl > 20 pmol/L 

(2) 2-hr postprandial [BA] >25 pmol/L 
2. Cars 26 (Table 13.8) 

a. Fasting and postprandial (BA] had high diagnostic sensitivity for hepatobiliary 
disease but they did not differentiate the type or severity of the diseases. 

b. Diagnostic specificity for the absence of liver disease approached 100% when val- 
ues > 20 prnol/L were considered m increased for fasting or postprandial, samples* 
but the diagnostic sensitivity for hepatobiliary disease was only 49% (fasting) and 
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Table 13,7, Results of bile add challenge test in dogs 



Percentage with fasting 

Percentage with 2 -hr postprandial 

Group 

n 

[BAJ > 5 pmol/L 

[BA] > 15.5 pmol/L 

Healthy 

66 

2.5 3 

2.5 

Severe liver disease 1 * 

62 

86.9 

78.7 

All liver disease 1 

101 

82,5 

77,7 

Portosystemic shunt 

29 

100 

100 

III, liver disease not detected' 1 

40 

J7.5 e 

12.5* 


Source: Center SA, Man Warren T. Slater MR, Wilentz E. 199L Evaluation of 12-hr preprandial and 2 •hi’ 
postprandial serum bile acids concert (radons for diagnosis of hepatobiliary disuse in dogs. J Am Vet Med 
Assoc 199:217-226. 

3 Because the upper limit of the reference interval was determined as the value 2 standard deviations above 
the mean, the 2-5% assumes that reference values had Gaussian distribution. 
b Disorders included cirrhosis, chronic hepatitis, hepatic necrosis, and cholestasis, 

1 Disorders included those for the severe liver disease groups and hepatic neoplasia, glucocorticoid 
hepatopathy, and passive congestion. 

* Disorders included idiopathic epilepsy, inflammatory intestinal disease, metastatic neoplasia without 
hepatic involvement, disseminated intravascular coagulation, brain neoplasia, hypoadrenocorticism, glomeru- 
lonephritis, peritonitis, meningoencephalitis, endocarditis, congestive heart failure, and cystitis. Each dog 
lacked, histologic evidence of hepatobiliary disease, 
c None exceeding 17.1 pmolfl- 
1 None exceeding 2 1 9 pmol/L. 


Table 13.8. Results of bile acid challenge testin cats 


Group 

n 

Percentage with fasting 
[BAj > 5 pmol/L 

Percentage with 2-hr postprandial 
(BA] > 10.0 pmol/L 

Healthy 

} 

2.5* 

2.5 

All liver disease 

82 

73 

98 

Portosystemic shunt 

24 

79 

100 

Liver disease but nor shunt 1 ’ 

58 

71 

97 

ILL liver disease not defected" 

26 

1 1 . > d 

30. 8- 


Soum: Center SA, Erb HN, Joseph 5 A. 1995, Measurement of serum bile acids concentrations for diagno- 
sis of hepatobiliary disease in cats. I Am Vet Med Assoc 207:1048-1054. 

*■ Method of establishing reference interval was not reported. For the purpose of comparison, the 2,5% 
assumes that reference values had a Gaussian distribution, 

b Diagnoses included hepatic lipidosis (20), hepatic necrosis (13), hepatic neoplasia (ft), and cholestasis 
disorders (17). 

1 Diagnoses included a variety of non hepatic disorders. Each car lacked histologic evidence of hepatobiliary 
disease, 

d None exceeding 16.0 pmol/L, 
f Maximal value not reported. 


81% (postprandial) if the same concentration was used as a cutoff point (data 
from a total BA enzymatic assay). 

D, Factors other than hepatobiliary and portal systems that influence results 
L Fasting [BAJ 

a. Spontaneous contraction of the gallbladder may increase fasting [BA] unexpectedly. 
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b. Fasting scrum [BA] is dependent on the enterohepatjc cycle; e.g., inrestinaJ dis- 
eases may influence intestinal absorption of BA and thus lower a serum [BA] . 

2, 2-hr postprandial [BA] 

a. The peak [BAJ may nor occur 2 hr posrprandially because of variations in gastric 
emptying, intestinal transit time, inrestinaJ absorption, or other factors, 

b. The animal may not have eaten the provided food, or it may have a poor dhole- 
cystokinin response, 

c. The gall bladder may have contracted prior to feeding. 

3. The above factors may contribute to the occasional finding that the fasting [BAJ 

> 2-hr postprandial (BA]. The lower [BA] in the 2-hr postprandial sample is not of 
diagnostic value. 

V. Conclusions 

A. The diagnostic value of a serum [BA] is primarily for detecting hepatobiliary disease or 
portosystemic shunts, 

B. The highest serum I BAJ occurs when there is a disease process that allows BA molecules 
to escape cmerohepatie circulation. However* many diseases or pathologic states can 
cause the dysfunction. 

C. The popularity of the bile add test (compared to other liver function tests) is probably 
due ro its simplicity; i.e* t it does not require special patient preparation* sample collec- 
tion, or sample handling, 

AMMONIUM (NH/) CONCENTRATION IN PLASMA 
[, Physiologic processes (Fig. 13-5) 

U. Analytical concepts 

A. Units and terms 

L The analyte is commonly called "blood ammonia*' 1 but dominant form in plasma is 
ammonium. At a pH of 7.4, the NH 4 + :NHj ratio is about 30 and thus there is rela- 
tively little NHj. in plasma, 1 Routine clinical assays use plasma and not whole blood 
as a sample. 

2, Unit conversion s 

a, . Ammonia: pg/dL X 03871 = prnol/L (SI unit, nearest 5 pmol/L) 

b. Ammonium: pg/dL X 0,5543 ■ pmol/L (SI unit* nearest 5 pmol/L) 

B. Assays for ammonium concentration 
L Methods 

a. Emymatic method: NH/ + a-ketogiutarate +■ NADPH — ► glutamate + NADP 

b. If an alkali mating agent is used to convert NHf to NH V NH 3 can be measured 
by a dye-binding method, 

c. Other assays measure NH 4 * via colorimetric or ion-selective electrode methods. 

2, When INH 4 1 values from two commercial analyzers were compared with values igen 

crated by the generally accepted enzymatic assay, there was good agreement between 
the Blood Ammonia Checker and the enzymaric assays but poor agreement between 
the Vet l est and enzymatic assays. 27 

C. Samples 

1 . In healthy fasting dogs, the [MH,pl in arterial and venous plasma samples were not 
significantly different. However, in dogs with liver disease, the arterial samples had 
greater [NH/] (see Ammonium Concentration, 1ILA4 below). 2R 
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Fig, 13,5, Physiologic processes of ammonium > 

* Most NH/ is produced in intestines by digestion of dietarj' proteins or by the metabolism of bacteria. 
Some NH/ is produced by the deamination of amino acids {in many cells) and AMP (especially in muscle 
fibers). 

* After NH/ enters the liver (via portal vein or hepatic artery), it enters hepatocytes and, is used for the syn- 
thesis of urea (in urea cycle), amino acids, and proteins. Urea diffuses from hepatocytes to sinusoidal blood 
or bile canaliculi from which it may be excreted via kidneys or intestine, respectively Urea that enters the 
intestine may be reabsorbed, as part of an eniemhepatic circulation. 

* Renal excretion ofNH/ may occur by NH/ passing through, the glomerular filtration barrier and being 
excreted in urine. NH/ is also fixed in renal tubular cells during synthesis of glutamine (Gin) from gluta- 
mate (Glu), 

* NH / is the molecular form that is present in most aqueous body fluids at a pH of 7.4, but it does not dif- 
fuse through cell membranes, NH 3 is relatively lipid soluble and rapidly diffuses across ceil membranes, but 
very little is present in body fluids. 


2. [NH/] in serum samples is greater than in paired plasma samples.’ 

3. Hemolysis causes false increases of [NH**] in some assays because the heme pigment 
interferes with light transmittance, or because erythrocytes contain NH/.--’ 

4. Sample handling 

a. Ideal: Heparin heed blood is delivered to a laboratory immediately after collection; 
plasma is harvested immediately alter arrival, plasma is cooled to 4*C (in ice- 
bath); chemical analysis is completed within 1 hr. All steps should be completed 
with minimal exposure to air. 

b. Plasma [NH/] is usually considered, to be stable for up to 4 hr at 4°C and ade- 
quately stable for \ -2 days at -20°C, 

C» Suboptimal handling and instability problems can lead to highly variable results . 30 

(1) Within hours of storage at room temperature, [NH/] will be up to 2—3 
rimes the starting value because of the generation of NH/ from the degrada- 
tion of labile proteins and amino acids (e.g,, glutamine). 

(2) Delayed collection of plasma from the blood allows NH/ to be produced by 
erythrocytes and leukocytes, thus increasing measured [NH/], 
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Table 13.9. Diseases and conditions that cause hyperammonemia 

^Decreased MH/ clearance from portal blood 

^Decreased functional mass: diffuse hepatocellular disease 

"Decreased portal blood flow to liver: congenital and acquired portosystemic shunts 
Urea cycle enzyme deficiencies (congenital) 

Increased MH/ production 
Postprandial 
Urea toxicosis in cattle 
Strenuous exercise (race horses and dogs) 

Urinary infection with urease-containing bacteria and concurrent urethral obstruction 
Increased NHp intake 

NRjCi administration per os or per rectum 

Ammo mated forage tox icosis in cattle 

Note: Lists of specific disorders or conditions are not complete but are provided to give examples. 
Falsely increased [NH* 4 ] may occur if delayed analysis of sample results in proteolysis or |N H^] pro- 
duction by blood cells, 

(3) Delayed analysis of plasma allows NH,,, to escape from, plasma if the sample 
is not stoppered or if an evacuated tube is incompletely filled; loss of NH^ 
veil I cause a decrease in plasma [NH 4 + ]* 

III,. Hyperammonemia (Table ] 3.9) 

A. Decreased clearance ofNH. t + from portal blood 

1 , Diseases or conditions that reduce the removal of NH 4 4 from portal blood may result 
In hyperammonemia because intestinal bacteria produce large quantities of MH,, + , 
'Two major types of diseases have this pathologic defect, 

a. Diffuse hepatocellular diseases that reduce functional mass; c.g., cirrhosis, necro- 
sis, lipidosis 

h. Portosystemic shunts, either congenital or acquired 

2, Decreased NH 4 4 clearance can potentially be due to congenital deficiencies involving 
the urea cycle (rare disorders), 

a, Arglninosuccinaie syncherase deficiency has been reported in dogs A 1 

b. Defective mitochondrial transporter of ornithine, a substance that is transported 
from cytosol to mitochondria in the urea cycle, has caused hyperammonemia, 
hyperornithinemia, and homocitrullinum syndrome in Morgan fillies. ’ J 

3, The [MH/I of Irish wolfhound puppies that were 7-8 weeks old was 47-1 1 3 
pmol/L compared to 6—27 pmol/L for adults. The pathogenesis of the hyperam- 
monemia in these pups was not determined, but Irish wolfhounds do have a high 
incidence of portosystemic shums.* 1 

4, In 69 dogs with hepatic encephalopathy due to several liver diseases (including 14 
congenital and 29 acquired shunts), [NH 4 + ] in arterial plasma averaged L5 times the 
[HH 4 + ] of venous plasma. The venous concentrations may be lower because of 
enhanced NHy clearance from arterial blood by kidneys, muscle, or other tissues. 
Because of the difference, some investigators recommend that arterial samples should 
be collected for plasma [NH 4 + 17 S However, collecting an arterial sample is not as easy 
as collecting a venous sample. Also, based on the graphed data provided by the inves- 
tigators, nearly ail dogs that were hype ram monemic based on fasting arterial samples 
were also hyprrammonemic based on fasting venous samples. 
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B. Increased NHT production 

1. Postprandial: Increased NH/ production during, die digestion of a. meal, may result 
in temporary hyperammonemia. This condition should not be considered il the ani- 
mal was appropriately fasted prior to sample collection. 

2. Urea toxicosis in cattle: Hydrolysis of urea in the rumen liberates NH 3 that combines 
with H + to form NH 4 \ This makes ruminal fluid more alkaline. When the rumen 
pH is > 8,0, the NHcNH., + ratio shifts toward NH, T which diffuses from the rumen 
to plasma, where it combines with H* to increase plasma [NH/1, J4 

3. Strenuous exercise: During exercise, two ADP molecules combine to form AMP and 
ATP via the myo kinase reaction of myocytes. The deamination of AMP produces 

in os me monophosphate and NH> The NH* diffuses to blood and increases plasma 
[MV] and pH.” 

a. In greyhounds, plasma [NH^l increased from a mean of 82 pmol/L p re- race to a 
mean of 256 pmol/L immediately after the run A 6 

b. In quarter horses, plasma [NH 4 + ] increased from a mean of 6? pmol/L pre- 
exercise (treadmill) to a mean of 137 pmol/L immediately after exercise.* 7 In 
another study, the mean [NH 4 + ] pne- and post-exercise was 37 and II 3 pmol/L, 
respectively.'” 

4. Urinary infection with urease-containing bacteria and concurrent urethral obstruc- 
tion: An axoremic dog with staphylococcal urinary tract infection and urethral calculi 
had a fasting [NH 4 *j of 258 pg/dL. The hyperammonemia may have resulted from 
increased NH 4 + production in. the urinary tract, decreased renal excretion due to 
obstruction, and perhaps decreased urea cycle activity due to acidosis, 38 

C, Increased NH/ Intake 

1. NfftCl administration per os or via colon (see NH,f Tolerance lest below) 

2. Ammoniated Ibrage toxicosis in calves: A 30-day-old calf had a plasma [NH/] that 
was considered increased while nursing a cow that had ingested hay treated with 
anhydrous ammonia. 59 

IV. NH 4 4 tolerance test 

A. Principle: By administration of NH 4 .Cl either orally or rectal ly, a challenge dose of NH/ 
is presented to the liver via portal veins. Either decreased hepatic functional mass or a 
portosystemic shunt will allow NHy ro escape the enceroheparic circulation and cause 
an excessive increase in plasma fNH 4 4 |. 

B. The NHf tolerance test may be used when decreased hepatic function is suspected but 
other laboratory results do not strongly support hepatic insufficiency or a portosystemic 
shunt. Typically* an NH 4 + tolerance test is not indicated if there is a hi si mg hyperam- 
monemia, Also, an excessively high plasma [NHy] might contribute to hepatic 
encephalopathy. 

C. Basics of procedures in dogs 

1. Oral NH / tolerance test: After a 12 -hr fast and collection of a fasting sample, NH 4 Q 
is given orally (0.1 g/kg but not more than 3 g) in 20-50 mL H.O, A 30- min post- 
al ft Cl blood sample is collected. 

2. Rectal NH / tolerance test: After a 12-hr fast and collection of a fasting sample* 

NfftCl is given (5% solution; 2 ml/kg) via a catheter inserted 20-3? cm into the 
colon. Blood samples are collected 20 and 40 min later. Both 20- min and 40-nun 
samples have been recommended because peak [NH 4 + ] occurred before 30 min in 
some dogs and after 30 min in other dog^3° 
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Table 13.10. Ammonium tolerance test faults for 6 dogs with portosystemic shunts 


Results for Assay #1 

1 0 healthy dogs* 

Dog D 

Dog 2 1 - 

Dog 3^ 

Fasting [NH/l (pg/dL) 

88 ± 36 

1 00 

370 

260 

30-min [NH, 4 ] (pg/dL) 

155 ±71 

1000 

1400 

850 

Results for Assay #2 

10 healthy dogs* 

Dog 4 d 

Dog 5 l 

Dog 6 < 

Fasting [NH 4 + ] (pg/dL) 

56 i 14 

100 

250 

125 

30-min |NH 4 *] (pg/dL) 

76 * 30 

550 

900 

650 


Sourer Meyer DJ* SiromWck DR, Stone FA, Zenoble RD, Buss. DD. ] 978, Ammonia tolerance test in 
clinically normal dogs and in dogs with portosystemic shunts, j Am Vet Med Assoc 173:377-579. 

Note: I wo sets of data reported because of lack of analytical agreement of the two ammonium assays {note 
different values in healthy dog groups), 

1 All data for healthy dogs expressed as mein * standard deviation, 

•’ Dog 1: Fasting [NH/j was WRJ and thus hepatic function was sufficient to handle the NH 4 * load dur- 
ing the fasting state. The marked hyperammonemia in the 30- min. sample is consistent with a portosystemic 
shunt or hepatic insufficiency. 

f Dogs 2, 3, and 6: The fasting hy peiam monem ia revealed the defective ammonium clearance; the 

marked hyperammonemia in the 30- min sample would be expected because of influx of NH/ into the system. 

J Dog 4: Fasting fNHy ] was slightly increased and thus not strong evidence of hepatic insufficiency or a 
portosystemic shunt. However, [NH 4 *] in 30- min sample was definitely increased and thus supportive of 
hepatic insufficiency or a portosystemic shunt. 

D. Interpretation of results 

1 , Fasting, |NH 4 *] 

a. WR1; no evidence of hepatic insufficiency or a portosystemic shunt; these 
conditions could be present but the production &fNH/ is not enough to over- 
whelm the weakened system; no evidence of a rare congenital urea cycle enzyme 
deficiency 

b. Hyperammonemia; See Table 13.9 for potential pathogeneses. 

2, PostchaJlenge [NH/1 

a, WR1: no evidence of hepatic insufficiency, portosystemic shunt, or a rare congen- 
ital urea cycle enzyme deficiency 

b. Increased above reference interval; decreased functional hepatic mass, portosys- 
temic shunt, or both; rarely, a congenital urea cycle enzyme deficiency 

EL Example results for dogs with portosystemic shunts arc in Table 13.10. 

DYE EXCRETION TESTS ’ 

Prior to availability of spectrophotometric assays for bile acids, hepatic function was clinically 
assessed by excretion tests involving two organic anions or dyes; BSP (bromosulfophlhalein or sul- 
fbbromophthalem) and. ICG (indocyanine green), 

Excretion of these dyes is dependent upon hepatic blood flow; hepatocyre uptake, conjugation 
(BSP but not ICG), excretion to ihe biliary system, and enterohepatic circulation (BSP but not 
ICG). Impaired excretion (caused by a defect in arty step of the pathway) was detected as either an 
increased percent retention of the dye or art increased plasma half-life of the dye. 

J lie use of dye excretion tests is limited in clinical diagnostic testing because BSP is no longer 
commercially available, ICG is expensive, and assessment of [BA] and fBtj provides essentially the 
same information about hepatic function. 
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Table 14.1. Abbreviations and! symbols in Chapter 14 


'it 

symbol in tables to indicate relatively common disease or condition 

M 

concentration of X; s = analyte 

ACTH 

ad renoco rti cotroph ic h or mon e (co r ti cot top i n ) 

BVD 

bovine virus diarrhea 

DM 

diabetes mellicus 

ELISA 

enzyme- linked immunosorbent assay 

GH 

growth hormone 

GHRH 

growth hormone re leasing-hormone 

GLP 

glucagon-like peptide 

GLUT 

facilitative glucose transporter 

Hct 

hematocrit 

IRG 

i mm unoreact i ve gl ucagon 

IRI 

t mm u no react ive i n su f i n 

I REG 

immunoreactive insulin to glucose 

NADH 

reduced nicotinamide adenine di nucleotide 

NADRNAD 

reduced to oxidized nicotinamide adenine dinucleotide 

NaF 

sodium fluoride 

O-GTT 

oral glucose tolerance test 

RIA 

radioimm unoassay 

SI unit 

SystLmc Internationa! d "Unites 

UN 

urea nitrogen 

WRI 

within reference interval 


GLUCOSE CONCENTRATION IN SERUM PLASMA* OR WHOLE BLOOD 
L Physiologic processes (Fig. 14 J) 

A, Blood glucose concentrations are regulated and influenced by several hormones. For the 
hormones to influence metabolism* there must be appropriate receptors and transport 
systems in the target cells. 

1. Insulin activity lowers blood glucose concentrations by promoting the uptake* utiliza- 
tion, or storage of glucose by hepatocytes, myocytes, and adipocytes. Insulin is not 
needed for glucose transport into neurons, leukocytes, erythrocytes, platelets, or 
hepatocyres. Insulin does influence hcpatocyte glucose uptake by altering activities of 
hepatic enzymes that promote glycolysis or glycogen synthesis, or by reducing gluco- 
neogenesis. 

2. Glucose entry into most cells is modulated by a family of proteins called facilitative 
glucose transporters (GLUT-1 to GLUT-7), Insulin promotes glucose entry into 
myocytes and adipocytes via GLUT-4; insulin is not needed for the other carriers 
(eg*, GLUT-2 in hepatocytes), 

3* Glucagon activity increases blood glucose concentrations by stimulating gluco neoge- 
nesis and glycogenolysis. 

4. Catecholamine activity alters blood glucose concentrations by several mechanisms, 
a* An a 2 -adrenergic stimulus of pancreatic (3-cells decreases insulin release and thus 
reduces glucose utilization by hepatocytes, myocytes, and adipocytes. 

b. A (3" adrenergic stimulus of pancreatic (3-edls increases insulin release, 

c. A (3 1 -adrenergic stimulus of hepatocytes increases glycogenolysis. 

d. An a | -adrenergic stimulus of the pituitary gland increases GH release. 


apyriqhted m atari; 



Fig. 14.1* Physiologic factors that influence blood glucose concentration. 

* Intestine; Dietary carbohydrates (CHO) are broken down to monosaccharides (Including glucose) that are 
absorbed in the small intestine, from which they enter portal blood and then systemic blood il they are not 
removed by hepatocytcs. 

* Pmmm: Insulin and glucagon are released from pancreatic islet cells — 3-cells and « -cells, respectively. 
Insulin secretion is stimulated by increased blood concentrations of glucose, GH t glucagon, or amino acids. 
Glucagon secretion is stimulated by increased blood concentrations of amino acids and cortisol* or by 
decreased blood glucose concentrations, 

* Liver: Hepatocytcs are the primary source of blood glucose during fasting. Glucose can be obtained from 
glycogenqlysis (stimulated by epinephrine and glucagon but inhibited by insulin) or gluconeogenesis (stim- 
ulated by glucagon and cortisol but inhibited by insulin). Insulin also promotes glycolysis. Increased glucose 
release from hepatocytcs is promoted by increased glucagon, cortisol, or epinephrine, Insulin promotes the 
uptake of glucose by promoting glucokinasc activity. 

* Mttsek: Glucose uptake by myocytes is promoted by insulin through specific insulin receptors and glucose 
transporters; GH and cortisol inhibit the uptake of glucose. Insulin promotes glycogen synthesis in myocytes 
whereas GH and epinephrine promote glycogenolysis in muscle (perhaps only cardiac muscle). 

* Adipwf twue: Insulin promotes the uptake of glucose by adipocytes. 

* Kidney'. If the renal threshold is exceeded, then hyperglycemic glucosuria will develop. 

* Pituitary: GH release from the pituitary is stimulated by GHRH, which is released from the hypothalamus 
during hypoglycemia or after epinephrine stimulation. 

" Shod cflk: Glucose enters erythrocytes, leukocytes, and platelets through insulin -independent processes and 
is used in glycolysis and the bexose monophosphate shunt. 
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5. GH (somatotropin) activity increases blood glucose concentrations by reducing glu- 
cose uptake by myocytes and adipocytes* 

6, Cortisol activity increases blood, glucose concentrations by stimulating gluconcogcne- 
.sis and creating a state of insulin resistance (see IIJ.B.l.c below). 

R, In. monogasiric animals, fasting blood glucose concentrations are maintained by gluco- 
neogenesis using products of protein and lipid catabolism. In ruminants, propionate 
from rumen fermentation is used for hepatic gluconeogencsis. In the horse, colonic pro- 
pionate contributes to gluconeogencsis. ] 

C. Fasting normoglycemia represents a balance between the actions of insulin (promoting 
storage and utilization of fuels) and glucagon (promoting mobilization of fuels). When 
there is an Imbalance and fuel mobilization dominates, then the animal will be hyper- 
glycemic and potentially glucostiric, which reduces the magnitude of the hyperglycemia. 
If fuel storage and utilization are dominant, then the animal will be hypoglycemic. Even 
though the balance of insulin and glucagon actions is assessed by a blood glucose con- 
centration, these hormones also influence lipid and protein metabolism, 

IL Analytical concepts 
A. Terms and units 

1 . As explained below, the concentration of glucose in whole blood may not be equal to 
its concentration in plasma or serum harvested from the same blood. Assuming simi- 
lar contact times with blood cells,, serum and plasma glucose concentrations will be 
nearly equal to each other 

2. Unit conversion: mg/dL X 0.05551 = mmol/1. (SI unit, nearest 0.1 mmol/L) 2 
R. Sample for glucose concentrations 

h For most clinical laboratory methods, serum is recommended and plasma (especially 
heparinized) can be used. Serum and plasma should be removed from cells within 1 
hr of blood collection because glycolysis continues in blood cells in vitro., thus lower- 
ing glucose concentration. If plasma or serum has contact with cells at room temper* 
asure in uncentrifuged blood, glucose concentrations typically decrease about 
5%-10% per hr; marked leukocytosis and erythrocytes is will accelerate the process.. 
Special collection tubes containing NaF can be used to block glycolysis (inhibits eno- 
lase), but they are not routinely used in clinical medicine, NaF will also inhibit glu- 
cose oxidase activity (and other enzymes) and thus NaF plasma should not be used In 
glucose assays that use glucose oxidase. 

2, Glucose concentrations in arterial and capillary blood are greater than in venous 
blood because peripheral tissues consume glucose; the difference in normoglycemic 
and normoinsulinemic states is probably < 10 mg/dL, 

€. What is measured; whole blood or plasma glucose concentration? 

1. When an assay uses whole blood tor a sample, it is important to know it the result 
represents a whole blood glucose concentration, a plasma glucose concentration, or a 
calculated plasma glucose concentration. Some instruments measure and report 
whole blood glucose concent rat ions. Other instruments measure a whole blood glu- 
cose concentration and calculate a plasma glucose concentration. Of these, some 
assume a normal, Het value and thus the calculated value will not he correct in ane- 
mic or erythrocytotit samples, 3 Some whole blood assays measure molality and not 
molarity, and thus variations in the H 2 G> content of blood (e. g, , different protein 
concentrations) will influence measured glucose concentrations, 4 ''' 

2, There have been several reports of comparisons of glucose concentrations measured 



Hidden page 



492 


FUNDAMENTALS OF VETERINARY CLINICAL PATHOLOGY 


Table 143* Criteria for the diagnosis of DM in people 

1, Symptoms of diabetes plus casual plasma glucose concentration Si 200 mg/dL (1 1.1 
mmol/L).* Casual is defined as any time of day without regard to time since last meal. The 
classic symptoms of diabetes include polyuria, polydipsia, and unexplained weight loss. 

Or 

2, Fasting plasma glucose > 126 mg/dL (7.0 mmol/L). b Fasting is defined as no caloric intake 
for at least 8 hr. 

Or 

3, 2- hr plasma glucose > 200 mg/dL (1 1.1 mmol/L) during an oral glucose tolerance test 
(OGTT). c The test should be performed as described by the World Health Organization, 
using a glucose load containing an equivalent of 75 g anhydrous glucose dissolved in H z O. 

In the absence of unequivocal hyperglycemia with acute metabolic decompensation, these cri- 
teria should be confirmed by repeat testing on a different day. The third measure (OGTT) is 
not recommended for routine clinical use, 

Svurtfi: WHO Study Group. 1985, Diabetes me! liras, hr. WHO Technical Report Series, Geneva, 1- 
1 13; Gavin JR, ill. 2000. Report of the expert committee on the diagnosis and classification of diabetes 
mdlirus. Diabetes Care 23: STS 19,. 

A The > 200 mg/dL criterion should work for dogs and horses; > 250 mg/dL is proposed for cats, and 
> 150 mg/dL is proposed for cattle, 

h The decision limit of 126 mg/dL (7.0 mmol/L) was based on several factors, including correlation 
with results of glucose tolerance tests and complications of persistent hyperglycemia (e,g. T retinopathy 
arterial disease). Until similar studies are done in domestic species, similar decision limits cannot be 
established For them. 

* It is unlikely that veterinarians will need such a criterion in clinical medicine 
II L Hyperglycemia 

A. As summarized above, plasma glucose concern rations are influenced by many factors and 
thus it should not be surprising that there are many causes of hyperglycemia. The defini- 
tions. diagnostic criteria, and classifications of DM used in this chapter were described in 
a report from a committee organized by the American Diabetes Association, 6 

1 . Definition of DM: “Diabetes meJJitus is a group of metabolic diseases characterized 
by hyperglycemia resulting from defects in insulin secretion, insulin action, or both." 

2. Diagnostic criteria for human DM (Table 14.3)* 

a. To adapt these criteria to domestic mammals, veterinarians will need to establish 
appropriate decision values for glucose concentrations in each animal species (see 
Table 14.3 for suggested decision values for dogs, eats, horses, and cattle). 

b. To use the criteria, veterinarians will need to expand the definition of DM com- 
monly used in veterinary medicine. For example, hyperadrenoco racism and acute 
pancreatitis were reported to be '’concurrent disorders” in dogs with DM rather 
than potential types of DM. 7 

3. The expert committee recommended that the classifications of “insulin-dependent’ 
and “non- insulin-dependent" DM be dropped because of the confusion generated by 
their use. 

B. Disorders and conditions ( fable 1 4.4) 

1 , Physiologic hyperglycemia 

a. Postprandial hyperglycemia: Glucose absorbed after carbohydrate (starch) diges- 
tion increases glucose enrry into blood; also, release of glucagon promotes gluco- 
neogenesis. Glucose concentrations should return to fasting values within 4 hr. 
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superficial tieerolyiic dermatitis. The pathogenesis of the hyperglycemia is 

not established but may involve insulin resistance, glucagon, growth hor- 
mone, or alterations in amino acid, fatty add, or zinc metabolism. It 
appears that the diabetic state develops after the onset of hepatic disease 
but it is not established if the liver disease causes the diabetic state, 

(3) Drug- induced DM: persistent hyperglycemia (2 or more days) associated with 
use of a drug 

(a) Q u coco r ti co ids (see 1 1 L B , 1 .c above) 

(b) Thyroid hormones: Studies in cats suggest that hyperthyroidism creates a 
state of insulin resistance; the mechanism is not known. 17 ' 1 ® In a study in 
which thyroxine wax given to create experimental hyperthyroidism In 
dogs, data indicated chat the glucose- induced hyperglycemia was pro- 
longed because of defective insulin secret! on A* 

(c) Megexrnoi acetate: As a steroid, it promotes gluconeogenesis; as a prog- 
estin, it stimulates release of GH (see OLB. l.d above). Both mechanisms 
apply to dogs, perhaps only the latter in caw, 2 * 

(4) Infectious DM 

(a) Cattle Infected with BVD virus can develop DM that appears to result 
from damage to P-celk 2 *-- 7 

(b) Sepsis: An early response to endotoxemia is insulin resistance and result- 
ant hyperglycemia. Hypoglycemia may develop later There are several 
hormonal and cellular responses in sepsis that alter glucose metabolism. 21 * 
As animals with DM are considered more susceptible to infections (espe- 
cially urinary), sepsis could be the cause or result of DM. 

(5) Genetic DM: An inherited form of DM occurred in Kecshond dogs; the 
onset of the disorder was frequently before 6 months of age and was due to 
fl-ccll hypoplasia, - 1 ’ 

(6) Uncommon forms of immune- media ted DM: anti-insulin antibodies 1 " 

3, Pharmacologic hyperglycemia: hyperglycemia associated with occasional or sporadic 
administration of a drug (persistent use of some agents may produce a disorder that 
fulfills diagnostic criteria for DM; see Table 1 4.3). 

a, G lucosc- re lat ed 

(1) Oral or intravenous glucose (dextrose): Glucose enters plasma faster than it is 
utilized, stored, or excreted, 

(2 ) G1 ucocorticoi d$ (sec 1 1 1 , B, 1 , c above) 

(3) Mcgestrol acetate: As a steroid, it promotes gluconeogencsis; as a progestin, it. 
stimulates release of GH [see II LB, l.d above). Both mechanisms apply to 
dogs, perhaps only the I a tier in ears. 2 ** 

(4) Ketamine:- 11 Ketamine stimulates release of epinephrine, which promotes 
gfycogpnolysis and hyperglycemia, 

(5) Glucagon: Excess glucagon antagonizes insulin activity by stimulating gjuco- 
neogencsis and inhibiting glucose utilization and storage. 

(6) I hyroxine; In a study in which thyroxine was given to create experimental 
hyperthyroidism in dogs, data indicated that the glucose-induced hyper- 
glycemia was prolonged because of defective insulin secretion. 3- 

(7) Ethyleneglycol: 1 ' Ethylene glycol may inhibit glycolysis and the Krebs cycle, 
and thus may indirectly stimulate gluconeogenesis in “starved” cells, 

b. Insulin- related 
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Table 14.5. Diseases and conditions that cause hypoglycemia 

Pathologic hy poglycem ia 

* Increased insulin secretion: pancreatic p-cell neoplasia (insulinoma) 

Decreased insulin antagonists 

* Hypoadrenocorticism (decreased cortisol) 

Growth hormone deficiency 
Hypopituitarism (decreased cortisol and GH) 

Decreased gl uco neogenesi s 

“Hepatic insufficiency /failure: acquired, congenital 
Hypoadrenocorticism (dec reused con isol ) 

Neonatal or juvenile hypoglyoctnia 
Starvation and severe malnutrition 
Dec teased glyoogenolysis 

Glycogen storage diseases (rare) 

Increased glucose utilization 

Lactational hypoglycemia (spontaneous bovine ketosis) 

Exertional hypoglycemia (hunting dogs, endurance horses) 

Leukocytosis, extreme 
Erythrocytosis, extreme 

Other pathologic hypoglycemias with uncertain or unknown pathogeneses 

Hypoglycemia associated with non-)3-cell neoplasms: epithelial and nonepithelial 
“Sepsis, especially with endotoxemia 
Pregnancy hypoglycemia 
Chronic renal failure in a cat 
Pharmacol ogie hy pogly cem ia 
Insulin 

Sulfonylurea compounds (glipizide, glyburidc) 

Ethanol 

Note: Delayed analysis of blood samples or failure to remove serum or plasma from blood cells appro- 
priately will result in falsely low glucose concentrations. Bromide ions will cause falsely low glucose con- 
centrations using the i-STAT® instrument. Whole blood glucose concentrations are lower than scrum or 
plasma glucose concentrations and thus appropriate reference intervals should he used to determine if 
hypoglycemic (see text), 

(1) Hepatic insufficiency: With marked reduction in functional hepatic mass due 
to congenital or acquired diseases, there are too few hepatocyies to maintain 
fasting normoglycemic Other evidence of hepatic disease or insufficiency 
(e»g„ increased hepatic enzyme activities, hypoalbuminemia, decreased [UN, 
increased bile acid concern rat ion]) is expected, 

(2) 1 {ypuadrenocorticism (see Hypoadrenocorticism four paragraphs above), 

(3) Neonatal or juvenile hypoglycemia: This neonatal canine disorder occurs 
in toy and miniature breeds and may be due to hepatic immaturity and 
insufficient gl uco neogenesis relative to metabolic rare and glucose con- 
sumption. 38 

(4) Starvation: With chronic depletion of body fuels (including proteins and 
fats), gluconeogenesis may nor be able to maintain normoglycemia. A starved 
state may be caused by lack of food intake, maldigestion, or intestinal malab- 
sorption. Generally, physiologic pathways will attempt to maintain blood g!u- 
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cose at the expense of other body fuels* and thus animals with this form of 
hypoglycemia are ex peered to be markedly underweight or emaciated, 
d. Decreased glycogenolvsis: Congenital deficiencies of enzymes needed for 

glycogen olysis may result in hypoglycemia and accumulation of glycogen in cells 

(glycogen storage diseases}, 3 ® 
c. I nercased gl u c< >sc u t i I iza f to n 

(1) Lactational hypoglycemia (spontaneous bovine ketosis): During marked malic 
production (especially in very productive cows), there is a huge need for glu- 
cose in mammary glands, '[he cows will become hypoglycemic if gluconcugc- 
nesis cannot meet demand. Ketosis develops secondarily because of enhanced 
fatty acid catabolism, 4 " 

(2) Exertional hypoglycemia: Hunting dogs and endurance horses may become 
hypoglycemic because glycolysis consumes glucose faster than it is replaced by 
either glycogeno lysis or gluconeogenesis, On the other hand, catecholamine 
and catechol a mine- in dependent factors tend to cause hyperglycemia in exer- 
cised animals. 

(3) Leukocytosis: Extreme leukocytosis (as seen in some leukemias) has been 
reported to cause hypoglycemia because of increased glycolysis. Depending on 
sample handling* the hypoglycemia could be partially due to in vitm glycoly- 
sis. Increased glucose consumption may occur because of increased numbers 
of leukocytes or because of increased metabolic activity in leukocytes (e.g,* 
after stimulation by granulocyte-colony cumulating hormone 41 or malignant 
blast cells). 

(4) Erythrocytosis (same concepts as extreme leukocytosis): A leukocyte needs 
more glucose than an erythrocyte but typically there arc about 1000 times as 
many erythrocytes as leukocytes. Marked rubricyiosis would probably cause 
increased glucose consumption, 4 -' 

f Other pathologic states causing hypoglycemia through unknown mechanisms 

(1) Hypoglycemia associated with noa-^-ccll neoplasia: Several non- {3-cell 
neoplasms have been associated with hypoglycemia; most were Leiomyomas, 
leiomyosarcomas, err hepatocellular carcinomas/ 14 ' 4 '" The hypoglycemia 
might result from secretion of an insulin-like substance, excessive glucose 
utilization by neoplastic cells, liver dysfunction, or a combination of 
factors, 

(2) Sepsis: Hypoglycemia is probably due to increased utilization by tissue and 
decreased glucose production. It is not due to glucose consumption by organ- 
isms. Endotoxins have been shown to produce hypoglycemia, possibly by 
increasing glucose utilization. 4 * 

(3) Pregnancy hypoglycemia: A ketotic hypoglycemia occurs in late pregnancy in 
dogs; the pathogenesis of the disorder is not established. 4 ® 

(4) Chronic renal failure in a car; The cause of the hypoglycemia was not deter- 
mined and may not have been directly related m decreased renal function.™ 

2, Pharmacologic hypoglycemia 
a. Insulin 

(1) An overdose of insulin in a diabetic animal may cause hypoglycemia because 
of the excess utilization ol glucose and decreased gluco neogenesis. The 
amount of insulin a diabetic needs will depend on food intake, physical activ- 
ity, and other factors. 
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( 2 ) Surreptitious insulin injections; Malicious administration of insulin 10 a horse 
has been reported.* 1 

b. Sulfonylurea compounds (glipizide* glyburide): These drugs, sometimes referred 
to as oral hypoglycemic agents, directly stimulate insulin secretion and may also 
improve cellular responses to insulin.” 

c. Ethanol: Ethanol oxidation results in generation of NADH. When there is an 
acute excess of ethanol, an increased NADHtNAD ratio blocks gluconeogenesis 
and results in hypoglycemia.** 

IMMUNOREACTIVE INSULIN (HU) CONCENTRATION IN SERUM OR PLASMA 

I, Physiologic processes 

A. Insulin is a polypeptide hormone (M r ~ 6000) with 51 amino acids in two chains (A 
and B) linked by disulfide bridges. The amino add sequences of insulin molecules of 
dogs and pigs are identical and have one amino acid difference from human insulin. 
Equine insulin has one amino acid difference from porcine insulin. Feline and bovine 
insulin molecules arc similar but have minor differences from canine, porcine, and 
human insulin.* 2 '* 4 

B. Stimuli for insulin secretion include increased concentrations of glucose, amino acids* 
and several hormones (glucagon, gastrin, secretin* pancreozymin, gastrointestinal 
polypeptide, and p- adrenergic hormones). 

C. Inhibitors of insulin secretion include somatostatin, a 2 -adrenergic agonists, and 
(3-adrenergic ancagon isisA* 

D* Prepro insulin is made by ribosomes of pancreatic fTcdls and is quickly cleaved to pro in- 
sist in. that is stored in secretory granules of the Golgi complex. Insulin is formed after 
cleavage enzymes (some Ca 2 * -regulated) break peptide bonds to form insulin, C-peptide, 
and split peptides. Glucose concentrations regulate synthesis ol proinsulin and one cleav- 
age enzyme. Insulin and C-peptide secretions are equimolar; small amounts ol proinsulin 
and split peptides are also released.* 4 
E. The major actions of insulin are illustrated in Fig. 14.1. 

II. Analytical concepts 

A. Terms and units 

L IRI is the preferred term for immunoassay measurements of serum or plasma insulin 
for two reasons; (l) measurements may include proinsulin; (2) measurements of 
insulin are in immunoreaedve units, not biologic activity units of injectable insulin. 

2. Units: pU/mL = mU/L; pU/mL X 7.175 = pmol/L; pg/L X 172.2 = pmol/L (Si 
unit, nearest 5 pmol/L) 3 

B, Assays 

1 . Most measurements of IRI are made using commercial RIA kits and therefore use 
anti-insulin antibody reagents. A few ELISA assays are available, 

2. The antibody in commercial assays may be an anti porcine or antihuman insulin anti- 
body There is sufficient cross-immimoreact i vicy that commercial assays have been 
validated for canine insulin. Commercial assays may not be valid for feline insulin.** 

3. Wide ranges of [IRI) have been reported for canine, feline, and human samples 
assessed with commercial insulin assays, *** Sffl The variation may partially be due to 
differences in standard or calibrator solutions, but unacceptable variation persisted 
after laboratories used a common calibrator^ Because of this variation: 
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a. A patient’s [1R1] should be compared against reference intervals established for 
the assay used to measure the patients 11R1|* and the assay should have been vali- 
dated for the species being tested. Diagnostic decision limits for [IRI] or IRl:G 
ratios need to be established for each validated insulin assay 
h. Laboratories offering quantitation of [IRI] should thoroughly evaluate their 
insulin assays for performance characteristics with varying lots of reagents. 

4. Samples 

a. [1R1| may be determined in serum or heparinized plasma; EDTA-plasma can give 
falsely increased values in some assays,- 14 

b, IR1 is stable in whole blood at room temperature for at least 5 hr. In serum* it is 
stable for 7 days at 4**C and for several months at -20 ft C Thawing and ref retiring 
should be avoided. 3 * 

c Because glucose, amino acids* and several gastric* intestinal, and pancreatic hor- 
mones influence insulin secretion, it as very important that samples be collected 
from fasted animals to reduce the effects of these physiologic factors. 

Ill, Hypcri n su I i item ia 

A. The major reason for measuring [1RJ] is to document the inappropriate release of insulin 
from neoplastic (S-cells. Le., too much insulin released for the animal's plasma or serum 
glucose concentration. 

B. Disorders and pal huge neses ( liable 14,61 

1. Increased insulin production and release 

a. Functional pancreatic (3-cell neoplasia (insulinoma); Neoplastic (3 -cells may con- 
sistently or sporadically produce insulin, which results in hypoglycemia because of 
enhanced glycolysis, reduced gluconeogenesis, and increased glucose uptake by 
myocytes and adipocytes. 

b. Hyperglycemia not due to decreased insulin production 

(1 ) Hyperinsulinemia is expected in a physiologic hyperglycemia because hyper- 
glycemia stimulates the production and release of insulin. 

(2) Hyperinsulinemia is expected in pathologic and pharmacologic hyper- 
glycemias if insulin release from (3-cells is not defective. Also, a state of 
insulin resistance may initiate or augment a hyperglycemic state and concur- 
re n t by peri ns u. I inem ia. 

2 . Ami-insulin antibodies; The presence of anti-insulin antibodies may result in falsely 
increased [IRT] in some assays (see Fig, 17.2 for concept). Anti-insulin antibodies 
may result from spontaneous pathologic processes or insulin therapy. 

[ V. Hy poinsul inemia 

A, Documenting hypoinsul inemia could help in classifying or characterizing DM states, 
e.g,, confirming Type 1 DM, staging Type 2 DM, or assessing insulin status in other dia- 
betic states. However* measuring jlRJj as not common in hyperglycemic animals. The 


Table 14.6* Diseases and conditions that cause hyperinmi.il in emia 

Increased insulin production and release 

Functional pancreatic p-cell neoplasia (insulinoma) 

Hyperglycemic disorders not due to decreased i nsulin production (see text) 
Natr: Ami-insulin antibodies may produce a positive interference in some assays. 
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infrequent measurement of [1R1] in DM cases is probably due to many factors, such as 
cost* lack of standardized assays* and lack of diagnostic or prognostic criteria associated 
with variations in [IRE] in different types of DM. 

B. Disorders or conditions where [JRi] is expected to decrease 

1. Pathologic hypoinsulinemia 

a. Type l DM: decreased insulin production because of destruction of (3-cells 
k Type 2 DM: Advanced stages of pancreatic amyloidosis involve (3-celt damage 
and thus decreased insulin product ion. 

2. Physiologic hypoinsulinercm; Animals with a variety of hypoglycemic states (see 
Table 14.5) would be expected to have hypoinsulinemia if the hypoglycemic state was 
not caused by increased insulin secretion. 

3. In some assays, the presence of anti -insulin antibodies can result in falsely decreased 
values. 


V. 


Jmrounottactive insulin glucose (TRhG) ratio 

A. Because insulin production and release from p -cells are dependent on plasma glucose 
concentrations, an IR1:G ratio should indicate if the measured (1RIJ is appropriate for 
the degree of glucose stimulation. When used, the ratio is typically calculated using con- 
ventional units for both IRJ and glucose concentrations (Eq. 14,2,). 


]R1:G 


[IRI] x 100 
(glucose J 


(14*2) 


with [IRI] in pU/mL and glucose in mg/dL; thus ratio unit is flU [Rl/mg glucose 


B, The lack of analytical agreement between insulin assays requires that reference intervals 
for IRI:G ratios be established for each assay, a cask that is not commonly accomplished. 

C. Interpretation of fasting IR1:G ratio (assuming valid concentrations of IRI and glucose 
and comparison to appropriate reference interval for 1R1:G ratio) 

1. Increased 

a. If associated with hypoglycemia, then insulin is contributing to the hypoglycemia* 

b. If associated with normnglycemia or hyperglycemia, then increased IRI:G ratio 
may indicate insulin resistance. 

2. WRi 

a* II associated with hypoglycemia, then a pathologic state other than hyper insult nc- 
mia is causing the hypoglycemia* 

b. If associated with hyperglycemia, then a factor other than insulin deficiency is 
causing the hyperglycemia. 

3. Decreased: If associated with hyperglycemia, then an absolute insulin deficiency is 
present and could be due to (3-cell damage or glucose toxicosis. 14 

D* [RI:G ratio may be difficult to interpret for reasons other than the variations created by 
different assays* 

L Substances other than glucose influence insulin release from p-cells, 

2. Much of the released insulin is removed from portal blood by hepaiocyies and thus 
does not appear in peripheral blood. 

E. Amended insulin: glucose ratio and the "< 30 mg/dL theory” 

1. In 197 1* Turner and associates reported an ^observation that the plasma insulin levels 
of normal subjects [human si are near zero if the plasma glucose is 30 mg/dL or less"*’ 
and referenced an "in press" article by Turner, Oakley, and Nabarro. Based on the 
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observation, {hey proposed that glucose concentrations above 30 mg/dL would result 
in insulin entrance into peripheral blood. To evaluate [IR1] in hypoglycemic people,, 
they modified the 1RJ:G ratio by subtracting 30 mg/dL from the measured glucose 
concentration. If the modification was valid, there would be a direct relationship 
between insulin and glucose concentrations over 30 mg/dL, he., V* pU of insulin for 
every V' mg of glucose > 30. 

2. In 1973, Turner, Oakley, and Nabarro reported changes in plasma insulin concentra- 
tions during ethanol- induced hypoglycemia in obese and nonobese peopled 

a. They did not mention their “< 30 mg/dL" theory or proposed amended !RI:G 
ratio of 1971, and their published data were not consistent with the theory. 

Insulin was not detected in several samples with glucose concentrations of 40—65 
mg/dL. There were only three samples with glucose concentrations < 30- mg/dL; 
insulin values in those samples ranged from 0 to 2.0 pU/mL 

b. They did write, "The tall in plasma insulin was a function of the fall, rather than 
of the absolute values of the plasma glucose,” 

c. Another variable not considered was the difference between insulin concentra- 
tions in portal and peripheral blood. Because much of the secreted insulin is 
removed from portal blood by hepatocytes, assessment of insulin secretion stimu- 
lated by glucose is better evaluated by measuring portal blood concentrations; a 
technique generally limited to experimental investigations, 

3. Many veterinary publications have Included the use of amended IRI:G ratio to 
evaluate [1R1] and glucose concentrations in domestic and nondomestic animals. 
There have also been several attempts to squelch the use of amended, IRI:G ratio,, 
but it seems to have a life of its own/ 5 ' 0 The amended IRLG ratio should not he 
used. 

1MMUNOREACTIVE GLUCAGON (IRQ CONCHNTRATION IN PLASMA 
L Physiologic processes 

A. Pancreatic glucagon (M r = 3485) is a 29-amino-acid polypeptide hormone that is secreted 
by the et-cells of the pancreas. Glucagon is a member of a superfamily of peptide hormones 
(collectively called GLP) that influence or regulate several digestive and metabolic process- 
es, Other than glucagon, the major GLP involved in glucose metabolism Is GLP- 1 A 4 

1 , The major role of glucagon is to maintain blood glucose concentrations during last- 
ing, Stimuli for pancreatic glucagon secretion include hypoglycemia, increased amino 
acids, hypercortisolemia, and probably hypoinsulinemia. 

2. GLP- 1 is released from L-cells (large granule cells) of the intestinal mucosa after feed- 
ing; it stimulates the release of insulin and reduces postprandial hyperglycemia. Prior 
to the identification, of GLP-1, the hormone was referred to as gut glucagon, which 
cross- reacted with glucagon in some immunoassays. 

B. Pmglucagon 1$ produced by pancreatic tx-cclls, intestinal 1 .-cel Is, and the parasympathetic 
nucleus of the vagus nerve.* 4 A variety of factors control the cleavage of proglucagon into 
glucagon (primarily in the pancreas), GLP-1 (primarily in intestine), and other GLPs. 

C. The major actions of glucagon are illustrated in Fig. 14 A, 

II. Analytical concepts 
A, Terms and units 

I. IRC should be reserved for the glucagon that is measured by immunoassays that are 
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specific for pancreatic glucagon. Unfortunately, some RIA antibodies also detect 
other GLPs h especially GUM or gut glucagon. Some authors refer to IRG as 
gl ucagon like i mmuno react ivity, 

2, Unit conversion; pg/mL = ng/L (SI unit, nearest 10 ng/L) 2 

B. Assays 

1. For many years, the gold standard assay for canine IRG was an RIA with Unger's 
30K antibody* an antibody that was considered specific for the C-ierminal of 
glucagon A J Other investigators have shown the varying degrees of antibody speci- 
ficity for pancreatic glucagon and glucagon-like imm unoreacci vity 66 

2. One group of investigators described validation studies using an anti -(bovine 
glucagon) antibody to assess glucagon concentrations in dogs-, cats, sheep, cows, and 
horses. In the fasting state, about 30% of the glucagon-! ike immunoreactivity was 
pancreatic glucagon. Their antibody did cross-react with larger molecular forms that 
had glucagon-like immunoreactivity. 67 

3. Some investigators use commercial glucagon assays. 6 '* Results from two commercial 
glucagon assays differed considerably (> 10- fold in some plasma samples) in a screen- 
ing evaluation. 69 

C. Samples 

1. Most investigators consider IRG to be very unstable in blood and thus special han- 
dling is recommended: Immediately after collection, ED I A-blood is immersed in 
an Ice bath and a protease inhibitor (aprotinin) is added. Plasma is separated from 
erythrocytes in a 4®C centrifuge and then frozen at -20°C. Samples should be pro- 
tected from light. 

2. Serum has been used in some studies, There is evidence that the stability of radiola- 
beled glucagon is not the same in all species. 71 In some assay systems* degradation of 
radiolabeled glucagon will cause falsely increased measured values. 73 

3. The presence of arginine can lead to an overestimation of measured {IRG]. 71 This 
finding must be considered when interpreting results of the arginine stimulation tests 
that have been used to validate IRG assays; i.e,, an increased (IRG' after arginine 
stimulation was used as evidence that the assay was measuring glucagon released from 
the d-cells. 

Ill, Hyperglucagonemia associated with glucago nomas 

A. Because glucagon is a hormone involved in carbohydrate and lipid metabolism, there are 
many reports of [IRG) in various physiologic and pathologic states. However, fIRG] has 
very Limited use in veterinary diagnostic efforts, 

B. Some dogs with pancreatic glucagonomas have a characteristic superficial necrolytic der- 
matitis, but not all dogs with the dermatologic disorder have glucago nomas, 

1. Increased plasma [IRG] has been reported in some dogs with the disorder. 31 - 6 *-' 1,71 

2. Ill a study involving 22 dogs with superficial necrolytic dermatitis, pancreatic neo- 
plasms were not found (19 of 22 had histologic pancreatic examinations) and [IRG] 
was WRI in 5 evaluated dogs. 7 * 
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absorptive state, but such disorders are nor typically considered in discussions of malab- 
sorptive disorders because there is not a concurrent maJ nourished state, 

B. Intestinal diseases that lead to malabsorption occur in most animal species, but laborato- 
ry tests are used mostly to evaluate the disorders of dogs and occasionally ol cats and 
horses. Examples of intestinal diseases that cause malabsorption include the following; 

1. Inflammatory: histoplasmosis, lymphocytic enteritis ( eosinophilic enteritis, pyrhiosis, 
giard i as is, proto thecosi s 

2. Neoplastic: lymphoma 

3. Lymphangiectasia 

TRYPSIN -LIKE I M M UN OREACT1 V ITY (TLI) CONCENTRATION IN DOGS AND CATS 

I. Physiologic processes (Fig. 15,1) 

II. Analytical concepts 

A. Terms and units 

1 . Immunologic assays detect trypsmogen, trypsin, and trypsin bound to protease 
inhibitors; thus the name TLI, Nearly all TLI is due to trypslnogcn. 

2. Units: pg/L (SI units not found) 

B. Assays 

1. Canine and feline [TLI] a re measured by species-specific immunoassays. Measuring 
trypsin’s enzymatic activity is not done because of the presence oJ trypsin inhibitors 
in serum. 

2, In cats, reference intervals for |TLI] measured by a radioimmunoassay were lower 
than those measured by an enzyme-linked immunosorbent assay.-' 

C. Sample: Serum is the preferred sample, but EDTA-plasma or heparinized plasma can be 
used. Samples should be stored at 4 W C or -2CTC. ' 

III. 1 ncreased try psi n -like i rn m u noreaet I vity (TLI } co ncent ration (Tabl e 15, 2) 

A. Increased release from pancreatic acinar cells 

L Acinar cell damage due to pancreatitis' 1 

a. Try psi nogen or tty psi n released from damaged acinar cells enters blood, probably 
via lymph and peritoneal fluid."' 

b. In an experimental canine pancreatitis study, serum [TLI] tended to parallel 
serum AMS and LPS activities; i,e. s all started to increase within I day, remained 
increased through day % and returned m near baseline values at 2 weeks. 

However, the peak in [TLI] occurred 1—2 days prior to the peak activities of AMS 
and LPS A 

c. In a prospective study involving 28 cats with clinical signs compatible with pan- 
creatitis, there were not significant differences in serum |TUJ found In cats with 
no pancreatic lesions (10), cats with pancreatitis and fibrosis. (9). cats with pancre- 


Tahle 15.2* Diseases and conditions that cause increased [TLI] in d ogs a nd cats 

Increased release of trypsi nogen or trypsin from pancreatic acinar cells 
"'Acinar cell damage due to pancreatitis 

Stimulated by food intake or cholecystokinin and secretin administration 
"Decreased GFR (see pre renal, renal, and post renal azo temia i n Chap, 8) 
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Fig. 15*1. Physiologic processes [hat influence plasma or serum concentrations of TLX folate, or cobdamm, 

♦ TIJ: Most trypsmogen is secreted in enzyme' rich pancreatic secretions into the intestine, where it is con- 
verted lo trypsin, a potent digestive protease [n health, a small amount of trypsinogen escapes the pancreas, 
and enters blood, in which it can be measured as Tl-1- [rypsinogeii is degraded in kidneys, 

* Cobahuniji: Cobalamin (Cbl) enters the stomach via ingested foods. In the acidic environment, it binds 
with R-protein that is produced by the gastric mucosa. Cobalamin enters the intestine bound to R- protein, 
but when it enters the alkaline environment, it detaches from R-protein and binds to intrinsic factor (IF) 
that is secreted by pancreatic cells (dogs and cats) and gastric mucosa (dogs). Enteric bacteria use some of 
the cnbalamin as it moves through the small intestine. When it reaches the ileum, the cobalaminV intrinsic 
factor complex binds to specific mucosal receptors and. enters enterocytcs. When cobalamin enters portal 
blood, it binds to transcobalamin 2 (Trans), a transport protein. From blood, cobalamin may be used in tis- 
sues, stored in liver, or excreted in bile. 

■ Folatr: Folate is present in food (e.g., green leafy plants) in a polyglutamatc form. After digestion releases it: 
from food, the polyglutantate folate is hydrolyzed to monoglutamate folate at the brush border of the proxi- 
mal small intestine. After cellular uptake, it is converted to 5-methyl tetrahydrafblatc, which enters blood 
and is transported to tissues for biochemical reactions. Enteric bacteria can also produce folate. Folate from 
erythrocytes lysed during sample collect ion can increase measured serum folate concentrations. 
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reagent contains contaminant R- proteins, they can bind to inactive cobalamin 
metabolites and give falsely increased values," ' 

C. Sample 3 

1* Serum is the preferred sample; heparinized or hemolyzed plasma should be avoided. 

2. Samples are stable at £PC overnight and up to S weeks at -2CTC,. 

3. Falsely low concentrations may occur when cobalamin is degraded by excess exposure 
to light. 

III. Inc reased sent m cobalamin concen i ration 

A. Increased serum cobalamin concentrations are uncommon. However disorders or condi- 
tions that could increase cobalamin concentrations should be considered when interpret- 
ing concentrations that are decreased or WR1. 

B, Diseases or conditions that cause increased serum cobalamin concern rations 
I, Cobalamin supplementation: parenteral or oral 

2* Release from damaged hepatocytes: Because hepacocytes are a storage site lot cobab 
amin, hepatic necrosis could increase serum cobalamin concentrations, l he magni- 
tude or duration of the increase k not known. 

IV. Decreased serum cobalamin concentration (Table 15,4) 

A. Serum cobalamin concern rations will not be decreased until there is a depletion of 
body reserves. Depletion occurs because of decreased ileal absorption of cobalamin, but 
the primary defect may be preabsorptive (i.c.> before cobalamin. absorption by the 
ileum), 

R, Diseases or conditions that reduce cobalamin absorption 
1, Preabsorptive defect 

a, FBI 14 

0) Failure to secrete HCOy-rich fluid into the duodenum results in cobalamin 
not being released from R- proteins (a pH -dependent event). 

(2) There may be decreased production of intrinsic factor (especially in cats 
because they apparently tack gastric intrinsic factor). Thus, there is less 
cobalamin/ intrinsic factor complex formation for absorption. 

b, I ntest i nal bacterial overgrowth (> IIP colony -form i ng u n its/m L of d utdenal 
juice)* 1 ' 1 especially involving obligate anaerobes, can lower serum cobalamin 
concentrations by increasing the amount of cobalamin bound to intestinal 


Table 15.4, Diseases anti conditions dial cause decreased serum cobalamin (viL B l2 ) 
concentration in dogs and cals 

Preabsorptive defect 

EPh pancreatic atrophy, chronic pancreatitis 

Intestinal bacterial overgrowth: EPh impaired gastric acid secretion, enteric disorders 
Defective absorption of cobalamin in ileum 

Heal disease: inflammation, resection, villous atrophy (viral, hypersensitivity, cytotoxic 
drugs) 

Inherited absorptive defect in giant schnauzers and border collies 
Severe cobalamin deficiency in a c at (probable malabsorption) 

Note: Lists of specific disorders or conditions are not complete but arc provided to give examples. 
Falsely low concentrations may occur when cobalamin is degraded by excess exposure to light. 
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and n untreated dogs that were fed a folate-deficient diet/ 4 The effects of phenytoin 
on folate concert [ratio ns are not known for dogs fed a folate -adequate diet, 

2 , Sulfasalazine also is reported io lower folate concentrations in people, hut similar 
findings have not been reported for dogs or cats. 3 ^ 

3. In theory* sterilization of the intestine with antibiotics may lower scrum folate con- 
cent rat ions because a major source of folate (intestinal flora) would be removed. Also, 
folate is involved in DN A synthesis, so extensive neoplastic cell growth could poten- 
tially deplete folate levels. 

D-XYLOSE ABSORPTION TEST IN DOGS, CATS, AND HORSES 

I. Physiologic processes 

A, D-xylose is a simple pentose that is not commonly Ingested and very little is present in 
blood or liver. If ingested, it is passively absorbed in the duodenum and proximal 
jejunum, from which i( enters portal blood. After bypassing the liver, it passes through 
the glomerular filtration barrier and is excreted in urine. 

B. In people, xylose docs enter the glucuronic acid-xylulose pathway in hepaiocyies. It is 
usually assumed that very little of the absorbed xylose is degraded by hcpatocytes of 
domestic mammals. 

II. Analytical concepts 

A. Unit conversion: mg/dL X 0. 0666 1 * mmol/L (SI unit, nearest 0,1 mmol/lj ]J 

B. Assays 

1 . There are multiple xylose assays available but clinical laboratories do not commonly 
offer them. 

2 . A colorimetric assay using phyloroglucinol has been used for equine and feline sera/ 6 
There also are assays that involve deprotei nation of whole blood, gas chromatogra- 
phy, or enzymatic methods/ An o-toluidine assay can measure xylose concentration 
based on differences in absorbances of the reaction products produced by hexoscs 
Ce.g., glucose) and pentoses (e.g„ xylose) / R 

3. The ability of the intestine to absorb sugars other than just xylose (e.g., methyl glu- 
cose, rhamnose, and lactulose) can be accomplished by quantitation using high- 
performance liquid chromatography/ 9 ’ 10 

C. Sample 

1, Preferred sample varies with the assay system; generally scrum is preferred, 

2. Information on xylose stability was not found. 

II L Xylose absorption tests 

A. Basics of procedure 

L The D-xylose absorption test consists of administering D- xylose orally and then col- 
lecting multiple timed blood samples to assess the intestinal ability to absorb D- 
xylose. Most of the absorbed xylose passes through the liver and enters systemic 
blood- The peak blood concentration of xylose should reflect the amount of xylose 

absorbed bv the intestine, 

¥ 

2. Xylose is cleared from plasma by passing through the glomerular filtration barrier: the 
amount of xylose in urine is related to the amount of xylose absorbed in the intestine. 

B. In dogs and cats 

1, Xylose absorption tests have been used to evaluate small intestinal function of dogs 
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T able 15.7, Diseases and conditions that alter xylose absorption curve s 

Flat xylose absorption curve (decreased absorption) 

Reduced absorption due to small intestinal mucosal disease 
Incomplete delivery of xylose to intestine: vomiting, delayed gastric emptying 
Rapid, transit time: diarrhea 
Persistent xylose concentration (decreased elimination) 

Decreased GFft 


and cats A 1 ' 3 * In some animals with small intestinal disease, xylose was poorly 
absorbed and thus there were flat; absorption curves. 

2* In most ot the current textbooks* small animal internists no longer recommend 
xylose absorption rests, perhaps because of the limited availability of xylose assays or 
because other methods of characterizing intestinal disease are more fruitful. 

C. In horses: Xylose absorption tests have been used to evaluate small intestinal function in 
horses. 36-40 


IV, Diseases and conditions that alter xylose absorption curves (Table 15.7) 


Table 1 5.8* Other laboratory methods usedjto evaluate for exocrine pancreatic insufficiency 


Laboratory method 


Abnormal result 


Azocasein digestion test 

Feces failed to digest azocasein 

Decreased fecal proteolytic 
activity 

Fecal fat excretion 

Increased fecal fin. excreted 
in 24-hr sample 

Maldigestion of ingested lipids 

Fecal fat, microscopic exam 

sudanophilic droplets in feces 

Maldigestion of ingested lipids 

Fecal starch, microscopic 
exam 

starch granules stained by 
Lugol s iodine 

Maldigestion of ingested starch 

Gelatin tube digestion 

Feces failed to liquify gelatin 
adequately 

Decreased fecal protease activity 

Muscle fibers, microscopic 

Undigested muscle fibers 

Maldigestion of dietary muscle 

exam 

present 

(protein) 

BT-PA BA" diges i io n 

Decreased plasma PABA 
concentration or decreased 
urtnarv PABA excret ion 

Decreased chymo trypsin, released 
from pancreas 

Plasma turbidity test 

Absence of plasma turbidity 
after ingesting lipid meal 
but turbidity present after 
ingesting predigested lipids 

Decreased pancreatic lipase 
activity in intestine 

Radiographic film digestion 

Feces failed to dear gelatin 
from film 

Decreased fecal proteolytic 
activity 

Starch digestion test 

Flat glucose absorption curve 

Maldigestion of starch or 
malabsorption of glucose 


Note: Increases in serum amylase and lipase activities can be indicators of active or recent pancreatic acinar 
cell damage. Serum amylase and lipase activities should nor, be used to detect EP1 because there are txtrapan- 
creatic sources of amylase and lipase that can keep serum activity WRJ in EPI cases. Serum amylase and lipase 
activity can be decreased when the animal docs not have EPI, 

1 BT-PABA: N-bcnzoyl-L-tyrosyl-para-aminobenMJic acid (henrimm ide) t 
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OTHER METHODS OF EVALUATING DIGESTIVE OR ABSORPTIVE FUNCTIONS 

I. Many other Laboratory assays or methods sire used to evaluate animals with potential 

exocrine pancreatic or intestinal diseases (Tables 15.8 and 15.9). Most of the assays listed in 
the tables are no longer or only rarely used, often because of unacceptably high rates of false 
negative and false positive results. 

Table 15.9. Other laboratory methods used to evaluate intestinal diseases 

Laboratory method 

Abnormal result: 

Suggested pathologic state 

Bacterial culture (isolation) 

Specific isolate (e.g., 
Salmonella sp.) 

Bacterial enteritis 

Bacterial culture 

> HP colony-forming units/ 

Small intestinal bacterial 

(quantitative) 

mL of duodenal juice 

overgrowth 

Biopsy procedures (incision 

Abnormal cell populations 

Varies with the histologic lesion; 

or excision) 

or abnormal tissue 

typically inflammation or 


structure 

neoplasia 

Direct fecal exam 

Motile parasites 

Giardiasis or amebiasis 

Fecal Ct-I protease inhibitor 

Increased fecal a-1 protease 

Pro tein - losing enter opa I h v 

assay 11 

inhibitor activity 


Fecal flotation test 

Parasitic ova, oocytes, or larvae 

Parasitism 

Fecal occult blood 

Positive reaction for heme 

Blood in alimentary tract 

Fecal sedimentation test 

Fluke ova 

Parasitism 

Hydrogen breath test 

Increased hydrogen 

Bacterial overgrowth or 


production 

carbohydrate malabsorp rio n 

Oral glucose tolerance test 

Flat absorption curve 

Malabsorption of hcxoscs 

Plasma turbidity test with 
predigested fat 

Absence of plasma turbidity 

Malabsorption ol digested lipids 

Stained feces, microscopic 

Add- fast organisms 

Cryptosporidia oocysts or 

exam 


Mycobacteria m baci 1 1 1 


Giardia \ rophozoi tes 

Giardiasis 


Hh top Luma o rgan is ms 

Histoplasmosis 


Increased leukocytes 

Enteritis 


Neoplastic cells 

Neoplasia 


Uniform bacilli 

Bacterial overgrowth 

Starch digestion test 

flat glucose absorption curve 

Malabsorption of glucose 

Unconjugated bile acids' 1 

Increased serum 

Increased deconjugatioti of bile 


concentrations 

acids by an overgrowth of 

’ 


intestinal bacteria 

Urine indican test 

Positive for indican 

Increased degradation of trypto- 
phan by enteric bacteria 

Urine nitrosonaphthol test 

Positive nit rose naphthol test 

Increased bacterial degradation of 
tyrosine by enteric bacteria 


Net#: Not a complete list; other .special Assays are used for specific organisms or pathologic states. 

- 1 Relatively new procedure; climes l value not established. (Williams DA. 1999. Defining small intestinal 
disease, In; Proc 17 th AC VIM Forum, 466*468. Chicago: American College of Veterinary Internal 
Medicine.) 
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A. The measurement of [TL1] has generally replaced other tests that were used 10 evaluate 
potential maldigcstivc disorders, 

B. Most of the absorption tests have not been found to be clinically valuable. If malabsorp- 
tion is suspected* histologic examination of biopsy samples is frequently used to establish 
a diagnosis so that appropriate therapy can be recommended or initiated. 

11. Fecal assays used to detect intestinal parasitism arc common in veterinary medicine* but dis- 
cussion of the procedures is beyond the scope of this textbook The reader is referred to 
diagnostic parasitology resources. 


References 


1. Williams DA 2000. Exocrine pancreatic disease. In: Stringer SJ, Feldman EC, eds. Textbook ofVrtmmry Internal 
Mediiitif: Diteases of the Dog and Cat, 5th ed„ ! 345-1367. Philadelphia: W.B. Saunders Company. 

2k Steiner JMi Williams DA, 2000, Disagrees with criteria for diagnosing pancreatitis in cats, j Am V« Med Assoc 
217:816-817. 

3. Tietat NW. 1905. Clinical Guide to Laboratory Tens. 3rd ed, Linden F.L* McPherson RA, Fuhnnairi SA, cds., 

Philadelphia: W.B. Saunders Company. 

4. Keller FT. IW. High serum trypsin- Like immunoreacrivity secondary res pancrearith in a dog with exocrine pancreatic 
insufficiency, f Aim Vet Med .Assoc 1 96:6X3-626. 

5. Hayakawa T, Kondo T, Shibata F, Narnse S. 15)92. Peritoneal absorption of pancreatic enzymes in dogs, Gastroenterol 
jpn 27:230-233, 

0. .Simpson KW, Barr RM, McLean L Morion DB. 1080. Circularing concentrations of tiypsin-like immunoreactivity 
and activities of lipase and amylase after pancreatic duct ligations m dogs. Am j Vet Res 30:629-632. 

7. Awifr NC. Marks SL, Mac Lachlan Njb Norris CR. 2000. Evaluation of serum feline trypsin-like immunoieactivity for 
the diagnosis of pancreatitis in cars, J Am V«i Med Assoc 217:37-42. 

fi. Reidelberger RD, O'Rourke M ( Doric PR, Gcoku MC laugman C, 1084. Effects of food intake and chotccysrokinin 
on plasma trypsi nogen levels in dogs. Am J Physiol 246: G 543- G 549, 

9, Geokas MC, Reidetberger R, O'Rourke M, Passaro E Jr, Largman C. 1982. Plasma pancreatic trvpsi nogens in chronic 
renal failure and after nephrectomy. Am J Physiol 242:G 177-G182, 

10. Carrol, Williams DA, 1989. Relationship berweeti dietary protein concentration and serum trypsin-like immunoreio 
m ity in dogs-. Am J Vet Res 50:2105-2107, 

1 L Williams DA, Batt RM. 19BS. Sensitivity and specificity of radioimmunoassay of scrum trypsin-like immunoteactivity 
for the diagnosis of canine exocrine pancreatic insufficiency, j Am Vet Med Assoc 192:195-201, 

12. Lund berg GD, Iverson C, Radulescu G. 1986. Now read this: The SI units are here. J Am Med Assoc 255:2329-2339. 

13. Fairbanks VE Klee GO. Biochemical aspects of tiematulogy. In: Burris CA, Ash wood liR„ cds. 1999, Tietz Textbook of 
Clinical Chemistry t 3rd ed., 1642-1710. Philadelphia: W.B. Saunders Company. 

14. Simpson KW, Morton DB, Barr RM. 1989, Effect of exocrine pancreatic insufficiency on eobaJamin absorption in 
dogs. Am J Vet Res 5fi: 3 233-1 236, 

15- 53 d I tarns DA, Bait RM, McLean L. 1987. Bacterial overgrowth in the duodenum of dogs with exocrine pancreatic 
uj sufficiency, j Am Vet Med Assoc 191:201-206. 

16. Fyfe JC, Giger U, flail CA* joj-k P I-, Klumpp SA, Levine JS, Patterson DF. 1991, Inherited selective intestinal oobal- 
amiin malabsorption and cnhaUmin deficiency in dogs, Pcdiair Res 29:24-31, 

17, Fyfe JC, Jczyk PE Gigcr U, Patterson DE 1989. Inherited selective malabsorption of vitamin B, a in giant Khnauiers. J 
Am Anim Hosp Assoc 25:533*539. 

(8, Ourerbridge CA, Myers SL, Giget U. 1996. Hereditary cobalamin deficiency in border collie dogs (abst). J Ver Intern 
Med 10:169, 

19, Vide n SL, Wood PA, Ledley FD, Cornwell PE, Miller Ri, Page R„ 1992. Cobalamin deficiency associated with 
methylmalonic acidemia in a cat. J Am Vet Med Assoc 200:1 101-1 1 03- 

20, Batr RM, Morgan JO. 1982.. Role of serum folate and vitamin BI2 concentrations in the diBcrcntiarion of small intes- 
tinal abnormalities in the dug. Res Vet Sri 32:17-22. 

2], Rutgers Hlk Batr RM, Ftwood CM. Lamport A. 1995- Small intestinal bacterial overgrowth In dugs with chronic 
intestinal disease, f Am Vet Med Assoc 206; 187- 1 93- 

22, Batr RM h Barnes. A, Rutgers HC, Carter S D- 1991. Relative IgA deficiency and small intestinal bacterial overgrowth In 
t ierman shepherd dogs. Res Vet Sci >0: 1 06- 111, 


Copyrighted material 




15 / EXOCRINE PANCREAS AND INTESTINE 


51 1 


23*. Hall FJ, Simpson KW. 2000, Diseases of the small intestine. In: fcmngcr S|, Feldman HC, eels. Textbook ofVtterimry 
Internal Medicine: Orttams of the Dog and Cat, 5 th rd, r I 182-1238. Philadelphia: W1B, Saunders Company 

24, Bunch SE, Easley JR, Cullen JM, 1990. Hematologic values and. plasma and tissue folate concentrations in dogs given 
phenyroin on a long-term basis. Am J Vet Res $1:1865-1868. 

25, Williams DA. 1999. Defining small intestinal disease, in: Proc 17 th At -VIM Hu rum, 466-468. Chicago; American 
College tjf Veterinary Internal Medicine. 

26, Ebert* I J, Sample RH, Click MR, Ellis i»H. 1979. A simplified, colorimetric micro method for xvlose in scrum or 
unne, with phloroglucinol . Clin Chcm 25: 1 440- 1 443, 

27, Henderson AR, Rinker AD. 1999. Gastric, pane nark, and intestinal function.. In: Ruriis CA, Ash wood ER, ed*. 7i«t 
Textbook of Clinical Chnniitry , 3rd c:d., 1271-1327. Philadelphia; W.B. Saunders Company. 

28, Bauer JD, Ackermann Ki, Tom G. 1974. Clinical Mftlwdi, 8th ed. Sr. Louis: The C.V. Mcisby Company. 

29, Sorensen .SH, Proud FJ. Rutgers HC, Markwcll R Adam A, Bart RM. 1 997. A blood lest for intestinal permeability 
and function: A new too! tor the diagnosis of chronic intestinal disease in dap. Clin Chim Acta 264:103-1 15. 

30, Rutgers HC, Ratt RM. Proud FJ, Sorensen SH, El wood CM, Petrie G, Matthewman [_A, FotBOM^n Hijfte MA, 
Roswood A, Errwisrle M, Fensome, RH.. 1996. Intestinal permeability and function in dogs with small intestinal bac- 
terial overgrowth. J Small Auint Pract 37:428-434. 

31+ Hill FWG. Kiddger DE, Frew j. 1970, A xylose absorption test tor the dog. Vet Rcc 87r250'255. 

32. Hill | , ‘W( J , 1972- Malabsorption syndrome in the dog: A study of 38 cases. J Small Anim Pract 1 3:574- $94. 

33. Burrows CF. Merritt AM, Chapel La AM. 1979. Dctermmarkm of fecal fai and trypsin output in the evaluation of 
chronic canine diarrhea. J Am Vet Med Assoc 174:62-66. 

34. Sherd ing R.G, Stradley RP, Rogers WA, Juhnstm SE, 1982, Bern, irrnni tie ixvlosc test in health v eats. Am | V« Res 
43:2272-2273, 

35. Hawkins EC, Meric SM, Washabau Rj, Feldman EC. l'urrel JM. 1986. Digestion nf her rinotri ide and absorption of 
xylo»c In healthy cars, and absorption of xylose in tats with infiltrative intestinal disease. Am J Vet Rev 47: 567- $69. 

36. Jacobs KA, Norman R Hodgson DRG. Cymbaluk N+ 1982- Effect of diet on the oral D- xylose absorption test If: the 
horse Am J Vet Res 43:1856-1858. 

37. Bolton JR, Merritt AM, Cimprich RE, Ramberg CE Srrwrt W, 1 976, Normal and abnormal xylose absorption in the 
horse, Cornell Vet 66: 1 83-197, 

33. Tate IP Jr, Ralston SL Koch CM, Eve tin JI. 1983- Effects of extensive' rosccrion of the small intestine in the pony. 
Am J Vet Res 44; It 87 119L 

39. Roberts MC. 1974. The D (+) xylose absorption test in the horse. Equine Vet J 6:28-30. 

40, Roberts- MC, Norman P 1979. A re-evaluation of the IJ (+> xylose absorprinn test in the horse. Equine Vet ] 1 1:2,39-243, 


Copyrighted material 


Hidden page 



Chapter 16 

LIPIDS 

Lipids . . . ....... * * ,522 

Overview of Lipoproteins . , , . , .522 

I, Lipoprotein Classification, Content and Properties ............... .522 

It Lipoprotein Metabolism ......... .523 

III. Lipases , . . . .525 

Cholesterol Concentration of Serum ...... * 525 

I. Physiologic Processes .525 

II. Analytical Concepts ,526 

III. Hypercholesterolemia ............................................ .528 

IV. Hypocholesterolemia . .526 

Triglyceride (TG) Concentration of Serum , , .527 

I. Physiologic Processes ...... .527 

II. Analytical Concepts 527 

III. Hypertriglyceridemia . . . , .528 

IV. Hypotrigiyeeridemia ............................................. =528 

Hyperlipemia, Hyperlipidemia,, and Hyperlipoproteinemia Disorders .529 

I. Terms . .529 

II. Classification of Hyperlipoproteinemia Conditions and Disorders .529 

lit Physiologic I Postprandial) Hyperlipidemia 529 

IV, . Primary or Possible Primary Hyperlipidemia Disorders in 

Domestic Mammals > .529 

V. Secondary Hyperlipoproteinemia Disorders .530 

Other Assessments of Lipids * ,533 

L Triglyceride and Cholesterol Concentrations in Pleural or Peritoneal Fluid . . .533 
II. Standing Plasma Test for Chylomicrons ....... ,535 


521 

Copyrighted material 



Hidden page 



16 / LIPIDS 


m 


Table 16.2. lipoprotein classification, content, and properties of human lipoproteins 

Lipoproteins 

Property 

Chylomicron 

VLDL 

IDL 

LDL 

HDL 

Density (g/mL) 

e 0.95 

0.95-1 006 

1.006- LG 19 

1.019-1.063 

1.063-1.210 

Major lipid 

Dietary TG 

Hepatic TG 

Hepatic TG 

Phospholipid 

Phospholipid 




and 

and 

and 




cholesterol 

cholesterol 

cholesterol 




ester 

ester 

ester 

Electrophoretic 

Origin 

Pre-p 

P to pre-p 

p 

a 

migration 






Diameter (nm) 

> 70 

25-70 

22-24 

1 9-23 

4-10 

Contribute to 

Yes. floats with 

Yes 

Maybe 

No 

No 

serum 

time 





lactescence 






Major site of 

Small intestine 

Hepatocyte 

Plasma 

Plasma 

Hepatocyte 

formation 

e nterocy te 





Major sires of 

Plasma and 

Plasma 

Plasma 

Non hepatic 

Hepatocyte 

degradation or 

hepatocytes 



cells, 


transformation 




hepamcyies. 






macrophages 


Scun't: Modified from Rifai N, Bachorik PS, Albers JJ. 1999- Lipids, lipoproteins, and apolipoproteins. In; 
Bums CAs Asbwood ER, eds. Tktz Textbook of Clinical Chemistry, 3rd «L, 809-861. Philadelphia: W. B . 
Saunders Company, 


II, Lipoprotein metabolism {Fig. 16.1) 

A. In the context of serum cholesterol and TG concentrations, disorders involving lipopro- 
tein metabolism involve excess synthesis, defective lipolysis, or defective clearance or cel- 
lular uptake of Lipoproteins. 

1. Nascent (newly made) lipoproteins are produced In small intestinal emerocyces (chy- 
lomicrons) and in heparocytes {VLDL and HDL), 

2. Lipolysis of lipoproteins (chylomicrons, VLDL, and IDL) occurs on the luminal sur- 
face of capillary endothelial cells and is catalyzed by LPL. LPL production and activi- 
ty is dependent on insulin; insulin allows LPL to ‘'float” from the inner surface of the 
cell membrane to the outer surface, where it can contact plasma lipoproteins A A 
Intravenous heparin promotes the release of LPL from endothelial cells and thus an 
increased plasma LPL activity. 1 Heparin also promotes release of hepatic lipase from 
the sinusoidal endothelial cells to plasma. w 

3. Lipoprotein remnants are cleared from plasma by hepatocyies., LDL molecules are 
removed from plasma by many types of cells, LPL increases LDL uptake by promot- 
ing LDL binding to cell receptors, 7 

B, . There are many other aspects of lipoprotein metabolism (e.g.» mobilization and oxida- 

tion of lipids, apoprotein receptor regulation) that will not be considered here. For more 
detailed information about control and processes of lipoproteins, the reader is referred to 
textbooks or review articles. 1,2 -'' A detailed understanding of lipoprotein metabolism is 
needed to understand coronary heart disease and some primary lipoprotein disorders. 
Because such disorders are uncommon in domestic mammals, lipoprotein information 
will be limited. 
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Table 16.4. Diseases and conditions that came hypocholesterolemia 

Decreased cholesterol product Son 

Portosystemic shunts in dogs and cats 

Protein- losing enteropathy (especially lymphangiectasia} 

Other, unknown, or multiple mechanisms 

Hypoad re nocortic i$m 


1 . Portosystemic shunts: Its reported that about 60%-70% of dogs and cars with por- 
tosystemic shunts have hypocholesrerolemia. 11 The pathogenesis of the hypocholcs- 
terolcmia may include decreased cholesterol production due to decreased functional 
hepatic mass or the inhibition of cholesterol synthesis by bite acids, 

2r Protein -losing enteropathy (especially due to intestinal lymphangiectasia): 12 1 1 The 
pathogenesis of the hypocholesterolemia may include decreased lipoprotein produc- 
tion because of the catabolic state or, in the case of lymphangiectasia, loss of lipids 
that are normally produced, by enterocytes* 

3. Hypoadrenocorticism 

a. In one study involving 17 dogs with hypoadrenocorticism, 1 3 dogs had hypocho- 
lesterolemia.^ In another study involving 201 dogs* 14 were hypocholcsterolemic 
but 29 had hypercholesterolemia, 

b. As explained in a later section on hyperadrenoco rticism, cortisol does influence 
lipoprotein metabolism, hut how h ypocortiso lem h causes hypocholesterolemia is 
not established. 

TRIGLYCERIDE (TG) CONCENTRATION OP SERUM 

I. Physiologic processes 

A. Nearly all TG in a fasting serum sample is within lipoproteins that were produced in 
hepacocytes. Much of [he TG in a postprandial sample is in chylomicrons that were 
assembled in enterocyres from dietary lipids. 

B. TG synthesis begins with fatty acids (short, medium, or Jong chain) and glycerol from 
carbohydrate metabolism, TG synthesis lor lipoproteins occurs in heps rocy res and 
entcrocytcs. 

C. When lipoproteins containing apoprotein C-1I bind to LPL on endothelial cells, fatty 
acids are cleaved from TG molecules and enter cells (e.g,, adipocytes, myocytes). With 
repeated processing, the lipoproteins become TG- depleted and thus scrum [TGJ decreases. 

I I . Analytical concepts 

A, Terms and units 

1. Serum [TG] represents the total [TG]; the reacting TG molecules were mostly within 
TG-rich lipoproteins (i.e. t chylomicrons, VLDL, IDL). TG molecules are a highly 
variable population of molecules because of the varied fatty acids that are attached to 
the glycerol backbone. 

2, Units: mg/dL X 0,01 129 = mmol/L (SI unit, nearest 0,03 mmol/L) 1 * 

B. Sample 

1. Serum is the preferred sample, 1 oral [TG] is stable at 4 D C for 5-7 days, at -2CPC 
for 3 months, and at -70TJ for years. Repeated thawing and re freezing should be 
avoided. 9 
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2. Vacuum tubes with silicone-coated stoppers have been recommended fo r T G analysis 
because glycerin from glycerin -coated stoppers may be detected in. assays chat 
measure glycerol released from TG. However* in a pilot study with the Vitros TG 
assav, exposure of serum to glycerin-coated stoppers did not increase the measured 

[TG], 

C, Methods 

1 . In most automated assays* the initial reaction involves a lipase that liberates glycerol 
from TG. The Liberated glycerol is then measured in coupled reactions that result in 
products that can be detected by spectrophotometry 

2. 1 iigh concentrations of free glycerol in serum would produce falsely elevated [TG] , 
but such conditions are rarely recognized. 

3. TG concentration in a grossly lipemic sample may exceed an assays analytical range 
and thus the sample may need to be diluted prior to analysis. 

HI, Hypcrt riglyceridemk 

A. Increased serum [TGj indicates there are increased concentrations of lipoproteins that 
contain TG. 

B. Disorders or conditions (Table 16.5) 

C. The pathologic processes that result: in hypertriglyceridemia are described in a later sec- 
tion on lipoprotein disorders. 

D. Increased concentrations of chylomicrons* VL.DL and possibly IDL may cause beres- 
centre or turbid serum and may interfere with spectrophotometric assays. Thus, laborato- 
ry personnel may dear the scrum (by centrifugation or addition of do ring agents) prior 
to chemical analysis. When the serum is cleared of the TG -rich lipoproteins, the [TG] in. 
the sample will decrease, 

IV, Hypotriglyccridemia: Hypotriglyceridemia is nor associated with clinically significant patho- 
logic states. 


Table 16.5- Diseases and conditions that cause hypertriglyceridemia 

Increased triglyceride production 
By heparocytes 

"Equine hyperlipemia or hyperlipidemia 
By enterocytes 

Post prandial hyperl i pidem ia 

Decreased lipo lysis or intravascular processing of lipoproteins 
Hypothyroidism 
Nephrotic syndrome 

Lipoprotein lipase deficiency (rare in cats* very rare in dogs) 

Other* unbiown, or multiple mechanisms 
* Acute pancreatitis 

"Diabetes mellitus (sec different types in Chap. 14 j 
High lipid diet 

Hyperadrenocortieism or excess glucocorticoids 
Hyperlipidemia in a Brittany spaniel 

Idiopathic hyperlipidemia of miniature schnauaers 
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HYPERLIPEMIA, HYPERLIPIDEMIA , AND HYPERLIPOPROTEINEMIA DISORDERS 

I. Terms 

A. Hyperlipemia* hyperlipidemia, and hyperlipoproteinemia are nearly synonyms. 

1. Hyperlipemia and hyperlipidemia refer to an increased concentration of lipids in 
blood,, whether it is from hyperlipoproteinemia, hypercholesterolemia, hypertriglyc- 
eridemia, or even increased concentrations of free fatty acids, 

2* Hyperlipoproteinemia Is an increased concentration of lipoproteins in blood. If is the 
preferred term when measured concentrations of lipoproteins (e,g. h LDL b HDL) are 
i ncreased, 

3. The terms are sometimes used to identify clinical disorders; e,g„ equine hyperlipi- 
demia or equine hyperlipoproteinemia. 

EL Upemia (also lipidemta), by most dictionary definitions, is a synonym for both hyperlipi- 
demia and hyperlipoproteinemia. In routine clinical use. Upemia ls usually defined as the 
turbid or opaque appearance of serum or plasma as seen by the naked eye. The lactcs- 
ccnce is primarily due to increased concentrations of the large lipoprotein molecules* ke>, 
chylomicron and VLDL molecules. 

II. Classification of hyperlipoproteinemia conditions and disorders 

A. Physiologic (postprandial) hyperlipidemia is the hyperlipidemia that occurs after inges- 
tion of a meal containing TG. 

B. Primary (or familial) hyperlipoproteinemia disorders are caused by congenital defects in 
lipoprotein metabolism. They are relatively uncommon in domestic mammals. The 
defects involve three major processes. 1 

1. Increased production of lipoproteins by hepatocytes 

2. Defective intravascular processing of lipoproteins, including defective lipolysis 

3. Defective cellular uptake of lipoproteins or lipoprotein remnants 

C. Secondary hyperlipoproteinemia disorders are acquired disorders involving damaged cells 
or abnormal hormonal activity. They arc relatively common in. domestic mammals (see 
Tables 16.3 and 16,5). 

III. Physiologic (postprandial) hyperlipidemia 

A, The hyperlipidemia occurs in monogastric mammals and is due to a hype rchy lo micronc- 
mia that occurs after intestinal absorption of monoglyoerides and fatty acids that have 
formed from digestion of ingested triglycerides. Hypertriglyceridemia will be present; 
hypercholesterolemia may not be present. 

B. In dogs and cats, the hyperchylomicronemia peaks by 2-6 hr after a meal and the chy- 
lomicrons are usually cleared In' 8-16 hrA Delayed clearing of chylomicrons indicates 
defective lipoprotein metabolism, either a primary or secondary hyperlipidemia, 

IV. Primary and possible primary hyperlipidemia disorders in domestic mammals 

A. Idiopathic hyperlipidemia of miniature schnauzers^ 

1. Pathogenesis of the hyperlipoproteinemia is not established; it may be due to a defi- 
ciency in LPL activity or an apolipoprotdn C-ll deficiency. 

2, There is hypertriglyceridemia with or without hypercholesterolemia; there may be 
concurrent glucose intolerance due to insulin resistance. 

B. Hyperlipidemia in a Brittany spaniel 16 

1. A 9-ycar-old male Brittany spaniel was suspected to have “hyperlipemia due to a pro- 
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live energy balance* Hormones or other substances can contribute to the defective 
metabolic pathways. 4 1 

a. Catecholamines and glucagon stimulate hormone-sensitive lipase in adipocytes to 
increase free fatty add release , Insulin typically inhibits this enzyme and thus 
decreased insulin activity may remove a negative effector and promote free fatty 
acid release. 

b. . Glucocorticoid hormones also stimulate hormone-sensitive lipase. 

c- Insulin stimulates LPL for hydrolysis of TG in most lipoproteins, especially the 
TG-rich chylomicrons and VLDL. Decreased insulin activity reduces the activity 
of LPL and thus there is reduced intravascular processing of lipoproteins. 

d. Progesterone (when increased m pregnancy or lactation) stimulates growth hor- 
mone, which creates insulin resistance by causing insulin receptor and postrecep- 
tor defects. 41 

e. Hypoglycemia, when present* stimulates glucagon release. Glucagon stimulates 
hormone-sensitive lipase in adipocytes and thus promotes rhe liberation of free 
fatty adds. 

£ Either directly or through cytokine release, endotoxins stimulate T( 1 and VLDL 
synthesis by hepacocytes, and they also can inhibit lipoprotein catabolism,^ 5 44 
g. Rats in renal failure (created by partial nephrectomy) had defective lipolysts of 
VLDL molecules and thus hypertriglyceridemia. The agent or agents that produce 
the defective I i poly sis were not identified, 1 " It is not known if a similar defect 
occurs in horses with renal failure. 

5, Congenital hyperlipemia in a Shetland pony foaP 6 

a, A Shetland pony neonate had visually lipemlc sera, increased total lipid concen- 
tration, and hypercholesterolemia. By definition, the foal had a congenital hyper* 
lipidemia, but it may not have been hereditary. 

b. The mare was hypolipidemic (perhaps associated with pregnancy), so the foal's 
lipemia may have resulted from the placental transfer of free fatty acids from the 
mare. The influx of free fatty acids may have stimulated VLDL synthesis suffi- 
ciently to cause hyperlipemia in the foal (see adult mechanisms above)* 

H, High dietary fat intake in dogs 

L Excessive dietary lipid would result in storage of lipids and potentially obesity. Such 
dogs may have prolonged postprandial hyperlipidemia because of insulin resistance or 
other factors. 

2, Extremely elevated fat intake and concurrent inadequate protein intake can lead to 
defective lipoprotein metabolism and hepatic lipidosis. 

OTHER ASSESSMENTS OF LIPIDS 

L TG and cholesterol concentrations in pleural or peritoneal fluid 

A. When an effusion contains chylomicrons* it is called a chylous effusion. II in the pleural 
space, it is called a ehylothorax. Chylous effusions may occur in the peritoneal cavity 
(chylous ascites). Because chylomicrons are formed only in the intestinal mucosa, the 
presence of chylomicrons in an effusion indicates the leakage of chylomicron -containing 
lymph (chyle) from lymphatic vessels. 

1. Historically, chylothorax was considered to result from, a damaged thoracic duct. 
However, many diseases that result in an increased systemic venous pressure are 
known to cause chylothorax. These diseases include right heart failure, mediastinal 
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D, A pleural or peritoneal effusion could have a high [TG] if TG-rich plasma entered the 
body cavity (e.g., with hemorrhage). If the [TG] of the effusion and the serum are each 
> 100 mg/dL, then the diagnostician should consider nonchylous effusions. 

E. The term pseudochylous has been used to describe milky- white to yellow effusions that 
have high cholesterol concentrations due to the degradation of cell membranes. Human 
data indicate that if such effusions occur i n animals, they should be cholesterol -rich and 
TG-poor, .and therefore distinguishable from chylous effusions. 

II. Standing plasma rest for chylomicrons (also called a refrigeration test) 

A. Because of their high TG content and thus low density, chylomicrons will float to the 
surface of a serum or plasma sample if the sample is undisturbed. 

B. A IG-hr-standing test has been used to detect chylomicrons. In the procedure, 2 mL of 
plasma is placed in a small glass tube and then examined after 16 hr of refrigeration at 
4*C The presence of a creamy layer on the plasma sample indicates the presence of chy- 
lomicrons. 

C. However, the 1 6-hr-standmg test has a relatively poor ability to detect chylomicrons 
when compared to lipoprotein electrophoresis and uhracentrifugarioo, In one study, only 
about 20% of the chylomicron-positive samples as detected by electrophoresis had a pos- 
itive 16-hr-standing test,' 1 " Similar results were found when the standing test was com- 
pared to ultracentrifugation,^ 0 The presence of a creamy layer in the standing test is spe- 
cific for chylomicrons, but many samples that contain chylomicrons will not have a 
detectable lipid layer. 
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RESPONSE AND SUPPRESSION TESTS 

L Thyroid stimulating hormone (TSH) response rest 

A, Poor or inadequate response to TSH stimulation was the “gold standard” for establishing 
thyroid hypoplasia (hypothyroidism) for many years- Because an approved pharmacology 
ic form of bovine TSH is no longer available, the TSH response test is rarely used for 
clinical investigations. Basse aspects of the TSH. response rest are provided to assist in the 
understanding of published reports on canine hypothyroidism. 

B. A TSH response test assesses the ability of the thyroid gland to produce T« after being 
stimulated by TSH. Several protocols have been recommended; the amount of TSH and 
sample collection times vary between feline, canine, and equine protocols. 

C Example of a canine TSH response test 

1 , Procedure: Sample for a basal [t'TJ is collected; bovine TSH is administered IV (0*1 
units/kg body weight with a maximum of 5 units); a blood sample is collected (5 hr 
after TSH administration* 

2. Interpretation guidelines 21 

a. Euthyroid dogs 

(1) Basal ;T 4 ] in healthy dogs is expected to be 1. 0-4.0 pg/dL. In non thyroidal, 
illness, it may be < l + 0 pg/dL, 

(2) Post-TSH [tTJ > 3.0 pg/dL 

b. Borderline results: post-TSH [t.T 4 J = 1 .5-3,0 pg/dL 

c. Hypothyroid dogs; basal and post-TSH {iTJ < 1.5 pg/dL 

II. Thyrotropin releasing hormone (TRH) response test 

A. The TRH response test indirectly assesses thyroid function by causing the release of TSH 
that stimulates relea.se of T 4 , 

B. In dogs, the TRH response test is not as good as the TSH response test in detecting 
hypothyroidism.* 7 ^ 6 Some euthyroid dogs (as classified by the TSH response test and 
clinical signs) appear to be hypothyroid dogs by the TRH response test (positive predic- 
tive value of 50%). 39 The TRH response test does not reliably differentiate primary from 
secondary hypothyroidism because TRH -induced TSH release is diminished in second- 
ary hypothyroidism and in most primary hypothyroid dog^d 1 

C. , TRH is not approved for use in the horse. 

D. The TRH response test is not needed to diagnose hyperthyroidism in cats, but it has 
been used A* 

1. The TSH and serum T, responses to TRH are expected to be blunted or absent in 
hyperthyroid cats because of feedback inhibition on the pituitary gland. Serum [tTJ 
in a healthy cat is expected to double in the post-TRH sample, 

2. Advantages of the TRH response test over the T .-suppression test are that it Is shorter 
(4 hr versus 3 days) and does not require owners to pill their cat. Disadvantages of 
the TRH response test are the side effects of TRH administration (salivation, vomit- 
ing, tachypnea, and defecation). 

III. Triiodothyronine 0' 5 ) suppression test 
A. Cats 

1, Most cats with clinical hyperthyroidism have hyperthyroxemia and thus additional 
diagnostic testing is not needed. However, some cats with hyperthyroidism have a 
basal [cTJ that is WRI or only slightly increased, perhaps because of variable secre- 
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cion of T 4 from hyperfunctiorial thyroid glands* a non thyroidal disease chat is lower- 
ing [iT 4 ], or other reasons. For these animals, a T 3 suppression test should differenti- 
ate the hyper thy raid cats (those with defective hypothalamus-pituitary-thyroid regu- 
lation) from euthyroid cats. 41,42 
2« Basics of the procedure 

a. Collect scrum for basal [tTJ and basal [tT 3 J; freeze for submission with later 
serum samples. 

b. Owners administer T* (lio thyronine) starting the next morning at 25 pg qBhr for 
2 days. 

c. Within 2—4 hr of rhe final and 7th dosage of T 3 , the car is rerurned to the clinic 
and serum is collected for post-T 3 [tT J and [tTjJ , 

d. The basal and post-T^ sera are submitted to a laboratory for determination of 
[tTJ and [tTJ, 

3. Expected results 

a. The posi-T 3 [tTJ should be higher than the basal ftT 3 ], If it is not, then failure 
of suppression may be due to failure to administer T 3+ 

b. Interpretation guidelines of post-T 3 [tTJ (Fig. 173) 41 

(1) Post-T s [tTJ > 20 nmol/L (> 1.6 pg/dL) indicates a lack of suppression ofT* 
secretion and thus supports the presence of a thyroid adenoma. 

(2) Post-Tj [tTJ < 20 nmol/L (< 1.6 pg/dL) demonstrates a suppression of T4 
secretion and thus indicates that the cat does not have a thyroid adenoma. 

B. Horses 

L Hyperthyroidism is uncommon in horses and thus the need for a T 3 suppression 
test is limited. Interpretive guidelines and optimal sampling rimes are not firmly 
established. 
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Fig. 17.3* T 3 suppression test results in cats (liothyronmc, 25 pg per os, q8hr for 7 doses). 

In cats with hyperthyroidism, there was a failure to Suppress [TJ below 20 nmol/L, In cats with other dis- 
orders, the [TJ in post-T 3 samples were < 20 nmol/L, Hyperthyroidism was diagnosed in 77 cats based on 
clinical signs, palpable thyroid nodules, high-normal to increased [tT + ) 3 and response to treatment for hyper- 
thyroidism. Cats (n = 22) with other disorders had clinical signs suggestive of hyperthyroidism; their disorders 
included gastrointestinal diseases, chronic renal disease, cardiomyopathy, and behavioral disorders. The gray- 
shaded area represents the [tTJ found in 44 clinically healthy cats, (Graph constructed from published 
data.* 1 ) 
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2. Basics of the procedure 

a, EDTA-plasma is collected for basal, fil’d and basal [tTJ; freeze for submission 
with later samples, 

b. 1\ (2,5 mg diluted in 5 mL saline) is administered at 8:30 a.m, and 6;00 p,m> for 
3 'days and at 8:30 a.m. on the 4th day. 

c EDTA-plasma is collected on days 2 to 4 before the administration, of TJ and on 
days 6, 7. and 9. 

d, Basal and post-T 3 plasma are submitted to a laboratory for determination of [tTJ 
and JtTJ, 

3. Expected results 13 

a. In three clinically healthy horses, plasma [tTJ values were suppressed (< 4 
ng/mD for at least 5 days after the last dose off,. 

b. In a horse with a thyroid adenoma, plasma [tTJ remained increased (> 24 
ng/mL) during and after administration of T 3 , 

c. [tTJ should be increased in samples collected on days 2-4. 

THYROXIN EUTHYROID STIMULATING HORMONE (1\{V$H) AND FREE 
TH YROX1 N E :T H YROI D STIMULATING HORMONE (IT 4 :TSH) RATIOS IN DOGS 

L Because of the physiologic relationships between fT 4 , and TSH secretion, T 4 :T5H and 
njl'SH ratios have the potential to differentiate hypothyroid from euthyroid states. 

Lower ratios suggest that the thyroid glands are not responding to endogenous TSH 
(primary hypothyroidism). The T 4 :TSH ratio may also decrease in secondary hypothy- 
roidism because the [TJ decreases more than the detectable decrease in [TSH]. 

IL Reported results 

A. Reported ratios have been calculated directly from the numerical value of reported con- 
centrations; e,g. h [tTJ of 10 nmol/L and a (TSH] of 0.5 ng/mL would result in a ratio 
of 20 nmol T Jpg TSH (or mmol/g) 

B. T 4 :TSH ratios in one study showed that hypothyroid dogs usually had lower ratios 
{l— * 66; 10 of 1 1 ratios < 30) than healthy euthyroid dogs (36—173) and sick euthyroid 
dogs (45-2114, a ratio > 4000 was an obvious outlier), 0 

C. T/ESH and fIJTSH ratios in 1999 study* 

1 , Using a TjiTSH ratio cutoff of 1 7,3, the T 4 :TSH ratio had a diagnostic sensitivity for 
hypothyroidism of 86,7% and a diagnostic specificity of 92.2%. 

2, Using a fl’JTSH ratio cutoff of 7.5, the fIJTSH ratio had a diagnostic sensitivity 
for hypothyroidism of 80,0% and a diagnostic specificity of 97,4%, 

D. The ratios have not been widely used and their diagnostic value compared to other 
assessments is not firmly established. Inaccurate [TSH] at very Sow concentrations (due 
to detection limit) could result in inaccurate and perhaps misleading ratios. 

INTERPRETATION OF THYROID HORMONE CONCENTRATIONS AND PROFILES 
I. Dogs 

A. Major patterns of thyroid profile results in dogs (Table 17.4) 

B. [tTJ can be used to help monitor thyroxine therapy. For dogs receiving appropriate thy- 
roxine supplementation, [tTJ is expected to be high-normal to increased 4=6 hr after 
thyroxine administration. TSH concentrations should be WRI7 1 


i J 
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Table 17*4, Interpretation of thyroid profile results in dogs 

IrTJ 

lfTJ rf 

(TSH] 

TgAA 

titer 

Interpretation 

WRI 


— 

— 

Rules OUI hypothyroidism unless tT, is falsely increased 
byT 4 AA 

i 

i 

T 

positive 

Primary hypothyroidism due to lymphocytic thyroiditis 

t 

l 

t 

negative 

Primary hypothyroidism due to thyroid atrophy 

4, 

l 

WRP 

negative 

Secondary hypothyroidism due to pituitary gland 
dysfunction 

Sick euthyroidism, nonthyroidal illnc$s b 
Hypothy roxe m ia due to effects of drugs- 

l 

WRI-" 1 

WRI-T 

negative 

Nonthyroidal illness (sick euthyroid ism) 

WRI-t 

1 

T 

positive 

Primary hypothyroidism (lymphocytic thyroiditis) with 
interfering T*AA 

WRI 

WRI 

WRI 

positive 

Thyroiditis without thyroid dysfunction 

WRI 

WRI 

T 

positive 

Thyroiditis with compensatory increase in TSH 
production 

WRI 

WRI 

T 

negative 

Potentially responding after withdrawal of suppressive 
drugs or after a nonthyroidal illness* 


Note : Thyroxine concentrations near the reference limits (borderline results) should be interpreted cautiously. 

•The canine T5H assay lacks an adequate analytical range to accurately measure decreased [TSH); there- 
fore! the lower limit of a I SH reference interval cannot be reliably established. 

b Source: Scott-MoncriefFjCR, Nelson RW, Bruner JM H Williams DA, 1998, Comparison of serum con- 
centrations of ihyroid-sti mul aring hormone in healthy dogs* hypothyroid dogs* and euthyroid dogs with con- 
current disease, J Am Vet Med Assoc 212:387-391, 

* Sulfameduixazole/trimethoprim, prednisolone, phenoharbitaL 

J [fTJ^ will vary: depends on where the illnesses or drugs interfere with thyroid hormone production {see 
text), 

* Source: Mooney CT 1999. Canine TSH — A help or a hindrance? In; Proc I7th ACV1M Forum, 456-457. 
Chicago: American College of Veterinary Internal Medicine. 


C. To reassess a diagnosis of hypothyroidism via hormone assays in a dog receiving thyrox- 
ine supplementation, thyroxine should be discontinued for at least 4 weeks to allow thy- 
roid function to return, 1 

II. Major patterns of [TJ and [fTJ in cats (Table 17,5) 
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Tabb 17 - 5 , interpretation of thyroxine concentrations m cats 


Clinical history 

;iud signs suggest: [tTJ [fFJ^ Ini e rp re ration 


Hyperthyroidism 


Euthyroid ism 


Hypothyroidism 


t 

i-WRI 

WRI 

t 


i 

4-wri 

4 

i 

i 


— Strong evidence of hyperthyroidism (a concurrent T TTj 

provides additional evidence but is typically not needed) 
WRI-T May he hyperthyroidism or non thyroidal illness; T r - 
suppression test recommended 
WRI Mo evidence of thyroid dysfunction 

— Could be early hyperthyroidism* normal random varia- 

tion, or inappropriate reference interval; a confirmatory 
(cTd or a T^-suppression test is needed before diagnos- 
ing hyperthyroidism 


h 

■> ' 


Probably nonthyroidal illness altering [( ! ,] or [fl’J 


T 

WRI 

WRIT Nonthyroidal illness causing sick euthyroid ism. 
i Probable primary hypothyroidism; could be secondary 

hypothyroidism or changes due to nonthyroidal illness 
or drug therapy 

Note: I hynxxirtc concentrations near the reference limits (borderline results) should be interpreted cautiously 
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Table IS, I, Abbreviations and symbols in Chapter IS 


M 

ACTH 

(CorcCrt} u 

CRH 

EDTA 

FAN 

HDDST 

LDDST 

o,p * DDD 

PDH 

PLJ/PD 

RJA 

SI unit 

WRI 


symbol in tables to indicate relatively common disease or condition 

concentration of x; x = analyte 

adrenocorticocropbic hormone (corticotropin) 

urine cortisol to creatinine 

co rticotropirt' releasing hormone 

ethylenediaminetetraacetic acid 

functional adrenal neoplasia 

high-dose dexamethasonc suppression test 

low-dose dexamethasone suppression test 

1 . l-dichloro-2-(o-chlorophenyl)-2-{p-chlorophenyl) ethane 

p i m i tary-dependent hype rad renocorti cism 

polyuria/ polyd ipsi a 

radioimmunoassay 

Systfcme International dTjnites 

within reference interval 


PHYSIOLOGIC PROCESSES 

I. Regulation of cortisol and aldosterone secretion (Fig. 18.1) 

A. CRH from the hypothalamus stimulates the product ion and release of pituitary ACTH 
and other hormones. Low cortisol concentrations promote secretion of CRH and 
ACTH; high concentrations of cortisol inhibit secretion of CRH and ACTH. 

B. ACTH stimulates the production and release of cortisol aldosterone, and other steroid 
compounds from the adrenal glands. The adrenal gland cortices produce most circulating 
cortisol. Aldosterone secretion is also stimulated by angiotensin EL hyperkalemia, and 
hyponatremia but is inhibited by atrial natriuretic peptide. The secreted aldosterone 
stimulates the renal retention of Na + and Cl" and excretion of K + and H\ 

C. Peak secretion of cortisol occurs in the morning in the dog and horse, but in the evening 
in the cat. The degree of daily variation is minimal In the domesticated mammals* 1 but 



Fig. I8J. Regulation of cortisol and aldosterone secretion. 

* CRH released from the hypothalamus stimulates the production and release of ACTH from the pituitary 
gland- ACT H stimulates the production and release of cortisol and aldosterone from the adrenal gland cor- 
tices, Increasing cortisol concentrations inhibit the secretion of CRH and ACTH. 

* Multiple factors promote the aldosterone release from adrenal gland cortices; atrial natriuretic peptide 
inhibits aldosterone release. The secreted aldosterone stimulates the renal retention of Na* and Cl' and 
excretion of K‘ and H\ 
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may need to be considered when in terpre ting diagnostic rests in horses (average about 
3.0 jjg/dl at midnight; averages 4.5-5. 0 pg/dL from 8:00 a.m, to 4:00 p«m.). 2 

D, Nearly all cortisol released from the adrenal glands becomes bound to plasma proteins. 1 In 
dogs, about 40% of cortisol is bound to transcortin, 50% to albumin, and the remainder 
(5%-10%) is free. The half-life of cortisol is about 1.5 hr in dogs and less in caw,. 

E. Cortisol binds to receptor proteins in cells. The cortisol- receptor complex Initiates syn- 
thesis of hormone and cytokine receptors and other proteins involved in gluconeogene- 
sis, protein catabolism, I i polys is, Immune responses, and H,0 balance. 

R Most cortisol is removed from plasma by hcpatocytes, but there is also urinary- excretion 
of cortisol and cortisol metabolites, 

ANALYTICAL CONCEPTS 

I. Unit conversion* 

A. Cortisol: pg/dL X 10 = ng/mL; pg/dL X 27.6 = it mol/ L (SI unit, nearest 10 nmol/L) 

B. Aldosrerone: ng/dL X 10 = pg/mL; ng/dL X 27,74 = pmol/L (SI unit, nearest 10 pmol/L) 

C. ACTH: ng/L = pg/mL; pg/mL X 0.2202 ?= pmol/L (Si unit, nearest 1 pmol/L) 

II. Sample 

A. Cortisol 

1 . Serum or EDTA-plasma may be used. 

2. Stability of cortisol concentrations in EDTA-plasma is better than in sera and better 
in cold samples than in warm ones. Therefore, samples (especially .sera) should be 
shipped with ice packs." 1 

3. It is occasionally written that serum or plasma should be collected from blood quick- 
ly because of the uptake of cortisol by erythrocytes. Erythrocytes do bind cortisol 
that is added ro blood, 5 but cortisol should already be distributed to plasma and ery- 
throcytes in patient blood samples. There was no difference between measured corti- 
sol concentrations in plasma samples removed from cells either 10 m'rn or 40 hr after 
blood collection. 6 

B. Aldosterone 

L Serum or heparinized plasma may be used* 

2. Aldosterone concentrations are stable for a week at 2°— R°C and for at least 2 months 
at -20*C. 7 

C. ACTH 

1, EDTA-plasma is preferred (addition of a protease inhibitor such as aprotinin is rec- 
ommended to reduce degradation). Plasma should be removed from the erythrocytes 
immediately, placed in a plastic tube, and chilled. The sample should not have pro- 
longed contact with glass because ACTH adheres to glass. 

2, ACTH is very labile, so the plasma requires special handling/ If not analyzed the day 
of collection, the sample should be frozen and shipped to the reference laboratory in 

a dry ice shipment. Equine ACTH concentrations are stable in EDTA-plasma (with- 
out aprotinin) for 3 hr at 1 9 P C. H 

III. Principles and assay procedures 

A. Cortisol 

L There are several commercial cortisol assays available: radioimmunoassays arc the 
most common but enzyme immunoassays are also used. 
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II. 


(Con;Crt) u rario should he calculated using molar concentrations of urine cortisol and crea- 
tinine (Eq. 18.1). A markedly different ratio would result if cortisol and Crt concentrations 
were expressed as pg/df and mg/dL* respectively Instead of stating the true ratio (e*g., 20 X 
sometimes it is shortened to '20” in clinical jargon. 


, - , , urine cortisol concentration 

(Cort:Crt) u ratio ~ . — ■»— - — 

urine creatinine concentration 


( 18 * 1 ) 


with cortisol in nmol/L & creatinine in mmol/L 
Example: urine cortisol concentration = 200 nmol/L 
urine c rear nine concentration = 10 mmol/L 


(Cort: Cn) u 


ratio - 


200 nmol/L 
10 mmol/L 


200 nmol/L 
I0xlG r ' nmol/L 


= 20 x 10" 6 


III. Conclusions from published reports (Fig. 18.2} ,0J * f 

A. A (CorcCn) u ratio that is WRI is strong evidence that a dog does not have hype rad reno- 
corticism. However,, increased (Cort:Crt) u ratio can be found in dogs with hypoadreno- 
corticism and in many dogs with nonadrenal disorders. 

B. (Cort:Crt)^ ratio in dogs has high diagnostic sensitivity for hype rad renoconic ism (few 
false negatives) but has a poor positive predictive value because increased (Cort:Crt) u 
ratio is frequently found in dogs without hype radrenocort ids ni (many false positives). 



Hyperactrero- Nm-adrenal 

COrfitifim disorders; 

(n = 25) hyperadirHno- 

COrtidam 
su sped cd 
(ri-21) 


Mean 

S3 



Mon-adrenal 
diSQrdflrS. 
hype rad renn- 
DQrt»ctam 
not suspected 
(n - 26) 


Study B 



Hypergdreno- Ngrv-a dire rial 
COrtidsm PLMPD disorders 

(rt*40) (fl * 23) 


Fig. 18*2. (CortiCrt) u ratios in two studies. 

* In Study A, (CorcCrr) u ratios from three groups of dogs were compared ro a group of healthy dogs (back- 
ground gray region; mean * 13 X 1 0^% n = 31). Of 25 dogs with hypoadrenocorticism (21 PDH and 4 
FAN), 23 bad increased (Cort:Crt) u ratios. Of 21 dogs with nonadrenal disorders (renal insufficiency, liver 
disease, pyelonephritis, hypothyroidism, bronchitis, and diabetes insipidus) but in which hypoadrenocorti- 
cism w r as suspected, only 1 had an increased (Ccrt:Crt) u ratio. However in 28 dogs with moderate to severe 
nonadrenal disorders (gastrointestinal, renal, lower urinary tract, liver, neurologic, immune-mediated* car- 
diac, traumatic* and infectious disease*), 22 had increased (Con;Crr) u ratios.* 0 

* In Study & t (CorttCri)^ rarios from dogs with hyperadrcnocorticism (36 with PDH and 4 with FAN) and 
other polyuria/ polydipsia disorder; (diabetes insipidus, hypercakenue disorders, liver disease, pyometra, and 
diabetes mdlitus) were compared to (Gert:Cit) w ratios found in healthy dogs (background gray region, 
mean = 6 X JO -6 * n = 20). All 40 dogs with hyperadrenocoriicism had increased (Cort:Crt) u ratios* hut so 
did 18 of the 23 polyuria/ polydipsia dogs that did not have hyperadrenocorticism. 41 
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d If a HDDST is done in a dog with nonadrenal illness, cortisol production is 

expected to be decreased sufficiently to indicate a suppression of ACTH secretion, 
3. Expected patterns of LDDST and HDDST results for individual dogs 

a. In healthy dogs, cortisol concentrations will suppress to < 1,4 gg/dL (< 40 
nmol/L) with both tests (both 4-hr and 8 -hr samples), 

b. If hypoadrenocorticism is due to PDH, cortisol concentrations arc usually sup- 
pressed. to < ! A pg/dL (< 40 nmol/L) with the HDDST and often with the 
LDDST also, 

C. If hyperadrenocorticisin is due to FAN, cortisol concentrations are expected to be 
£: 1.4 pg/dL (!> 40 nmol/L) in nearly all posi-dexamechasone samples. 

C. Interpretation of dexamethasone suppression tests 

1. Tabic 18,4 contains examples of cortisol concentrations from dexamethasone sup- 
pression tesis. 

2„ Interpretations for Table 18,4 were made using Fig, 18,4 as a guide. Best interpre- 
tations are made when results are interpreted in context of historical or physical 
findings. 

D, Adrenocomco trophic hormone (ACTH) stimulation test 
1, Procedure (may begin at any time of day) 24 

a, A sample for pre-AC FH cortisol concentration is collected. 


Table 18,4. Example results of dexamethasone suppression tests in dogs 



LDDST 

Comsol (jJLg/dL)- 1 
4 hr 

Pre-dexA Post-dex. 

8 hr 

Prat-dex. 

HDDST 
Cortisol (ng/dL) 

4 hr 

Pre-dex. Posr-dex. 

8 hr 

Post-dex.. 

Healthy dogs 

0, 3-6.0 

< 1.4 

< 1.4 

0. 5-6.0 

< 1.4 

< 1.4 

Dog l c 

4.5 

3,0 

3*5 

3.5 

3.3 

2,9 

Dog 2 J 

TO 

1,0 

3,8 

6,2 

0.8 

0.6 

Dog 3‘ 

5,0 

0,9 

0.6 

5,5 

0.5 

0,3 

Dog 4* 

6.5 

3,2 

2.8 

4,5 

0.8 

0,4 

Dog 5 B 

0.2 

0,1 

0,1 

■ — 

■ — 

— 


‘Conversion to SI units: pg/dL X 27.6 * nmol/L (round to nearest I0J, 
b dcx. ■ dexamethasone.. 


e Dog 1 had etcher PDH or FAN. In the LDDST, inadequate suppression indicates PDH, FAN, or nona- 
drenal disorders. In the HDDST inadequate suppression is more likely in FAN but can be found with PDH; 
adequate suppression is expected in ntmadrenai disorders. 

J Dog 2 bad adrenal hyperplasia due to PDH ora hyper-responsive adrenal gland due to nunad renal disor- 
der. In the LDDST, 4-hr suppression and then escape at 8 hr suggests PDH or nonadrenal disorders. In the 
HDDST, suppression can he found with PDH, is expected with nonadrenal disorders but is not consistent 
with FAN. 

f Dog 3 was healthy, had PDH, or had a nonadrenal disorder. In the LDDST, suppression can he found 
with health, PDH, and nonadrenal disorders. In the HDDST suppression can be found with health, PDH, 
and nonadrenaJ disorders; suppression is not expected with FAN, 

f Dog 4 had adrenal hyperplasia due to PDH or a nonadrenal disorder. In the LDDST, failure to suppress 
< L4 |ig/dL (< 40 nmol/L) could he PDH, FAN, or nonadrenal disorder. In the HDDST, suppression can be 
found with PDH and i$ expected with nonadrenal disorders; suppression is not consistent with FAN, 

* Dog 5 had a hypoad renal state. In the LDDST, the pre-dex, hypocomsolemia indicates a hypnad renal 
state that could be primary, secondary, or iatrogenic. The HDDST i.i not needed in such cases. 


Copyrighted material 








566 


FUNDAMENTALS OF VETER I NARY CLINICAL PATHOLOGY 



Healthy Hypoadreno'- 
oartkasm 
(n - 225) 


f I Euggantsd fespopss 
[' ~1 Jnadftquato ruponu 



Rggptjnsjg rrf h**Wy dogs 


0 3 

lalrocpertsc. Pituitary-dependent Functional 
hyperadrano- hyperadreno- adrenocortical 
cortidsm cortidsm neoplasia 

(n®28) (o = 62) (n = 41) 



i 

Non-adrenal 
disorder 
(n = 59) 


Fig. 18.5. Responses from eantoe ACTH stimulation tests. 

* Criteria used to determine appropriate, inadequate, or exaggerated responses to ACTH stimulation varied 
between publications. 'For each set of extracted data, the authors' criteria were used, 

* In all hypoadrenocorticism cases, there were inadequate responses to ACTH stimulation. The 225 cases 
included 220 eases oi primary idiopathic hypoadrenocorticism and 5 cases of secondary hypoadrenocor- 
ticism. w 

* In all ones of iatrogenic hyperadrenocorticism, adrenocortical atrophy resulted in inadequate responses to 
ACT H sri muUi i on. ** 

■ In 84% of PDH cases and in 51% of FA...N cases, there were exaggerated responses to ACTH stimuia- 
tionT 

“In 14% ol dogs with nonadrenal illnesses, there were exaggerated responses to ACTH stimulation, 41 


b. Synthetic ACTH (Cortrosyn®) is given IM at 0.25 mg/dog, or porcine ACTH 

(Cortigel-40) is given at 2.2 IU/kg (l lU/lb) IM. 

c. A post- ACTH sample is collected 1 hr later if synthetic ACTH is given (2 hr if 

porcine ACTH is used). 

2, Expected results (Fig. 18.5) 

a. Healthy dogs 

0) ACTH should stimulate the production and release of cortisol from the adre- 
nal cortices.. 

(2) Expected pre- and post -ACT’ H concentrations of cortisol are different in pub- 
lished reports and reference laboratories. Reference intervals provided with 
patient results should be used for interpretation guidelines. Usually* post- 
ACTH concentrations of cortisol are < 17 pg/dL (470 nmol/L). 

b. Hypoadrenocorticism 

(1) Dogs with primary, secondary, or iatrogenic adrenocortical hypoplasia or 
atrophy are expected to have fewer or no responsive cells and thus post- 
ACTH cortisol concentrations increase inadequately or not at all* 

(2) Pre- and post- ACTH cortisol concentrations < 1*0 pg/dL (< 30 nmol/L) 
indicare adrenocortical atrophy* destruction* or hypoplasia, 

c. Hyperadrenocorticism 

(1) From 60% to 80% of dogs with PDH and about 50% of dogs with FAN 
have exaggerated responses to ACTH that reflect either bilateral adrenocorti- 
cal hyperplasia or responsive neoplastic cells* It is not dear why exaggerated 
responses do not occur in all dogs with hyperplastic glands. Some of the 
adrenocortical neoplasms may not respond because the neoplastic cells have 
defective receptors or other signaling pathways. 

(2) The decision limit that represents an exaggerated response varies between 
studies and ranges from. 18 to 22 pg/dL (500 — 610 nmol/L}, 

d. Nonadrenal illnesses 
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(1) Some dogs with, disorders other than PDH or FAN may have exaggerated 
responses to ACTH, 

(2) Typically, these animals are thought to have stress- induced hypercortisolemia. 
e. After o,p'DDD (mirocane, Lysodren) treatment 

(1} o.p'DDD is an adrenocorticolytic compound that is used to treat PDH and 
FAN, The compound causes destruction of the zona fascicukta and the zona 
reticularis, 

(2) ACTH stimulation tests can he used to monitor destruction of adrenocortical 
tissue. Typically, the goal ofo,p'DDD treatment is to get the posi-ACTH 
cortisol concentration to be < 5 pg/dL (< 1,40 nmol/L) but not cause suffi- 
cient destruction to create a hypoadrenocortical state. 


11. Cats 

A. Low-dose dexamethasone suppression test (LDDST) 

L Procedure: Basically the same procedure as for canine LDDST except dexamethasone 

is given at either 0.0 1 or 0*01 5 mg/kg IV, 

2, Expected results 30 

a. In healthy cats, the 4 -hr and 8- hr cortisol concentrations are usually <1,0 pg/dL 
{< 30 nmol/L), but about I5%-10% fail to suppress. Cats with nonadrenal ill- 
ness may also fail to suppress. Therefore, the LDDS T has poorer diagnostic speci- 
ficity than the HDD ST (for which very few cats fail to suppress) and thus is not 
recommended. Post-dexamethasone cortisol concentrations of 1.0- 1.4 pg/dL 
(30-40 nmol/L) are considered borderline results. 

b. In cats with hype rad renocort ids m, the 4-hr and 8- hr cortisol concentrations are 
expected to be > 1*5 pgML (> 40 nmol/L), 

B. High-dose dexamethasone suppression test {HDDST) 

1 . Procedure 

a. The initial protocol is the same as the canine HDDST. 

b. Cats may escape the suppressive effects of dexamethasone faster than dogs, so 
suppression may be seen only if samples are collected at 2 hr, 4 hr, and 6 hr post- 
dexamethasone . 1%> 

2, Expected results 20 

a. in healthy cats, the 4-hr and 8-hr cortisol concentrations are < 1.0 pg/dL (< 30 
nmol/L); very few fail to suppress. Post-dexamethasone cortisol concentrations of 
1,0- 1,4 pg/dL {30-40 nmol/L) are considered borderline results, 

b. In about 90% of cats with hyperadrenocorticism , the 4-hr and 8-hr cortisol con- 
centrations were > 1,5 pg/dL (> 40 nmol/L), 

C Adrenocorticotrophic hormone (ACTH) stimulation test 

1 , Procedure (may begin at any time of day) 

a. A sample for p re- ACTH cortisol concentration is collected. 

b. Synthetic ACTH (Cortrosyn) is given IM at 0,123 mg/eat, 

c. Post-ACTH samples are collected at 30 min and 60 min. 

2, Expected results 24 

a. Healthy cats should have p re- ACTH cortisol concentrations of 1 .0—6,0 pg/dL 
(30-170 nmol/L) and post- ACTH cortisol concentrations < 13-0 pg/dL (< 360 
nmol/L’L 

b. Cats with hyperadrenocorticism may have pre-ACTH cortisol concentrations: 
WRI or increased, and 30-min or 60-min post- ACTH cortisol concentrations 
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> 16 pg/dL (> 440 nmul/Lh However, only about 4O%-50% of cats with hypera- 
drenocorticism have an exaggerated response, 20 


III. Horses 

A, DcxamethaMmc suppression test 2 * 

1. Procedure, overnight method:-' 

a. A sample lor pre-dexamerhasone cortisol concentration is collected between 4:00 
p.m. and 6 ‘00 p.m. 

b. Dexamechasone is given at 40 pg/kg 1M. 

c. Pos t-dexameth aso n e samples are collected at noon the next day (about 19 hr post- 
dexamethasone), 

2, Expected results 

a. Heakhv horses 

(1) Guideline for adequate suppression: post-dexamechasonc cortisol concentra- 
tion < 1 .0 pg/dL (< 30 nmol/L) 

(2) In 34 horses, cortisol concentrations were decreased 8-24 hr post-dexamecha- 
sone; all had concentrations < 10 pg/dL at 20—24 hr post-dexamethasone, 

h. Hyperadrenocortkism 

(1) Guideline for inadequate suppression: post-dexamethasone cortisol concentra- 
tion > 1,0 pg/dL (> 30 n mol/ L) 

(2) In 52 horses with PDH* the maximal suppression was seen 8-12 hr post-dex- 
amtthasone; all had cortisol concentrations > 1.0 pg/dL at 20-24 hr post- 
dexamethasone. 

B. Adrenoconicotnophic hormone (ACTH) stimulation test 

1. Multiple ACTH compounds have been used for stimulation tests but nearly all stud- 
ies included a pre-sample and a 2-hr post-ACTl I sample. 

2. Results expected for healthy and PDH horses if ACTH gel is given (I U/kg IM) 

a. In healthy horses, the post-ACTH cortisol concentration is expected to be 2—3 
times the pre-samples concentration. 2 However, four healthy horses had post- 
ACTH cortisol concentrations that ranged from 3.7 to 4.7 times the pre-ACTH 
concentrations. 11 

b. In most but not all PDH horses, post- ACTH cortisol concentrations are > 3 
times the pre-ACTH sample concentration,^ 17 

c. Because of overlapping findings for healthy horses and horses with PDH, the 
ACTH stimulation test is not recommended as a diagnostic test for equine 
PDH ? 

3. Results expected for healthy and PDH horses if ACTH (cosyn tropin) is given (100 
IU IV) 

a. In healthy horses, the post- ACTH cortisol concentration is expected to be < LB 
times the pre-sample’s cortisol concentration, 2 * 

b. In PDH horses, the post- ACTH cortisol concentration is expected to be > 1.8 
times the pre-samples cortisol concentration. 

COMBINED D EXAM ET H ASONE S UPP RESSION /AD RE N OCORTICGTROPH I C 
HORMONE (ACTH) STIMULATION TEST 

L The major advantage of the combined test is that it combines adrenal assessment into one 
diagnostic procedure and thus only one sex of samples is submitted to a reference laboratory. 
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Acanthocyte, IM* ULL 134, 464 

ACAT (acylcholcsterol acyitransfcrasc), 525 

Accuracy 

analytical, Kh 21 

diagnostic, 2A 2Z 

ACE inhibitors, hyperkalemia from, 354 
Acetest, 317 

Acetoacctatc, 3 1 7-3 1 H, 356 
Acetone, 3 1 ~~ 3 1. B 

Acid-base balance. See aim Acidosis; Alkalosis 
bicarbonate buffering system and, ffi-t 
classification of, 392-393 , 393 
H 4 and K* shifts, 249, 349-3 30 
metabolic acidosis, 390 
metabolic alkalosis, 390-391 
mixed disorders, 392 
pulmonary functions related to, 3-sA, .9*^ 
renal functions related to, 383 
respiratory acidosis, 390, 39 I 
respiratory alkalosis, 392 
Stewart s method of analysis, 393-398 
Acidemia, definition, ^83 

Acidosis. See also Metabolic acidosis; Respiratory 
acidosis 

aciduria from, 310-312 
definition, 383. 394, 393 
diluiional, 368 
hypocbloremia in, 362 

potassium concentration in, — Sjj 350. 352, 
355 

proximal renal tubular, U I -312 
Aciduria, 3 1 0-3 1 2, 39 1 
Acromegaly, i 1 9. 494 
ACT, See Activated coagulation time 
ACTH. St* Adrenocort icotrophic hormone 
(ACTH) 

Activated coagulation time (ACT) 
interpretation, 189, 203 
method, 188-189 
samples for, 186-187 

Activated partial thromboplastin time. See Partial 
thromboplastin time (PIT) assay 
Acylcholesrerol acyltransfcrase (ACAT), 525 
Addisons disease. See Hypoadrenocorticism 
ADH. See Antidiuretic hormone (ADH) 
Adrenocortical function, 556—571 

adrenocorticotrophic hormone (ACTH) concen- 
tration, 562, 562 

adrenocorticotrophic hormone (ACTH) stimula- 
tion test 


in cats, 567-568 
in dogs, 565-567, 566 
in horses, 568 

aldosterone concentration, 569—570 
analysis 

assay principles and procedures, 557-558 

samples for, 557 
cortisol concentration 

hypercortisolemia, 558—559 
hypocortisolcmia, 559—560 
regulation of hormone secrerion, 556-557 
suppression tests 

ACTH stimulation test combined with, 
568-569 

dexamethasone suppression test in horses, 568 
high -dose dexamethasone (HDDST) 
in cats, 567 
in dogs, 563. 564-565 

low-dose dexamethasone (LDDST) 
irt cats, 567 

in dogs, 562, 563 t 564, 565 
Thom test, 570-571 

Urine cortisohcreaiininc ratio, 560-561 , 56/ 

Adrenocortical neoplasia (FAN), 559 

adrenocorticotrophic hormone (ACTH) stimula- 
tion test response, 566, 566, 567 
dexamethasone suppression tests, 565, 564-567 
Adrenocorticotrophic hormone (ACTH) 
assay principles, 557-558 

concentration, 562, 562 
concentration unit conversion, 8 
in hypercortisolemia, 558-559 
physiology of, 556, 556 
sample handling, 557 
stimulation test 

aldosterone concentration and, 569-570 
in cats, 567—568 

dexamethasone suppression test combined, 
568-569 

in dogs, 565-567, 566 

in horses, 568 
synthetic, 566 
Afibrinogenemia, 1 92. 209 
Agglutination, erythrocyte, 91 9 - 1 UK 
Aggregation, platelet, 160 
Agranulocytosis, 239 

AID (anemia of inflammatory disease), LL2 
AIHA (autoimmune hemolytic anemia), 1 2i3 
Alanine tranmniaise (ALT), 443-444 
half-life, 435 

increased activity, causes of* 443—444 
reaction in assays for> 439 
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Alanine transaminase (AIT) {amtmue^ 
sample handling, 44 1 
source, 435, 436 
species differences. 444 
ALA (aminolevulinic acid) synthetase, 90-91 
Albumin 

anion gap and, 370, .Fl 
colloidal osmotic pressure, r 3 
concentration 
measuring. 255 
unit conversion, £ 

Ivv petal bum incmia, 268—269 
hypoalburninemia. 268—269 
proteinuria, 3 1 2-3 1 5 
in serum protein electrophoresis. 258, 259 
.Aldolase, 456 
.Aldosterone 

assay principles, 557—558 
concentration, 569-570 
con ce nt rat ion unit conversion, 8 
magnesium (Mg- 1 ) effects, 422 
potassium (K7) effects, 282, 350, 351 
principal epithelial cells an cortical collecting 
tubules, action on, 351 
regulation of secretion, 556, 556-557 
sample handling, 557 
sodium [Na*J effects, 282, 34f)-3- 1 1 .. 343 
Alimentary tract, Srr also Intestinal disease 
chloride concent ration, effect on, 3 39 
loss from 

of bicarbonate (HCO^')p 360. 368 

of potassium (K + ), 35" 
of Sodium (Na*), 346 
AJkalemia, definition, 383 
.Alkaline phosphaia.se (ALP), 446-450 
halfdlfe, 435 

increased activity, causes of, 447-449 
cholestasis, 448 

induction by drugs or hormones, 448 
induction, 4,38. 438 
isoenzymesyisoforms, 447 
reaction in assays for, 439 
sources of, 435. 436, 447 
species differences, 449-4 50 
AJkalinuria, 51 1, 3L2 

.Alkalosis. See also Metabolic alkalosis; Respiratory 
alkalosis 
contraction, 366 
definition, 383. 394, 395 
hyperchloremia, L I 
hypochloremia, 362 

potassium concentration in, . w l K 350, 355 


Allergic reactions, basophilia in, 72 

Alloanti bodies, 127-1 28 

ALP &e Alkaline phosphatase (ALP) 

ALT. See .Alanine transaminase (ALT) 

.Altitude, hematocrit values and* 142 
Amino adds, renal processing of, 283 
Aminolevulinic acid (ALA) synthetase, !i 0— 9 \ 
Ammonium biuratc crystals, 323* 465 
Ammonium (NR, 4 ) concent rat ion, 480-484 
analysis, 480-482 
concentration unit conversion, 9 
hyperammonemia, 482 48.3 
NHd tolerance test, -483-484 
physiology of, 48 1 
Amylase (AMS), 453-455 
in azotemia, 298 
half-life, 435* 454 

increased activity, causes of, 453—455 
isoenzymes, 453 
reaction in assays for, 439 
source, 435, 436 
Amyloidosis* 183, 265 
Analytical error, sources of, 21 
Analytical properties of assays, 14-il . ii 
accuracy, hfi 
detection limit, ]_7 
precision, 14-16 
sensitivity, 12 
specificity, 16— F 

Anaphylaxis (type 1 hypersensitivity), thrombocy- 
topenia in* 170-171 
AndpLuma spp., 129 
Anaplasma centrah % 92 
An&pldfmd Trutrgindle, 92 
Anemia, 105—138 
blood loss 

acute, L 16-1 1 ", 11~ 
causes, 1 1.6 

chronic, 1 17-1 19. JIM 
classifications of, 105-1 IQ 

by marrow responsiveness, 105-106 
non regenerative, 107 'Ofi, NO 
regenerative, 105 I 06. f 10 
morphologic, ] 06 - 1 09 

macrocytic hypochromic, HF 
macrocytic normochromic, UF-1 UK 
microcytic hypochromic* 10", 198 
microcytic normochromic, j_0 j [ 08 1 09 
normocytic hypochromic, 1 IF, IQ 1 -) 
normocytic normochromic, 1 06 1 i. ' 
pathophysiologic, I 09- I 10 
blood loss, 109=1 10 
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decreased erythrocyte production, 1 U? 
hemolytic, J 10 
definition, 105 

erythroid hypoplasia and, 238-239 
hemolytic, 1 1 9-1 38 , ro, 47CM7I 
d isdtdet*/ diseases* 122-3 28 
dloimmune, 120, 127 
anaplasmosis, 1 20, 1 29 
babesiosis, 1 20, 1 35-1,36 

bacillary hemoglobinuria {Clostridium 

hdcmolytsmm or C nm-yiij, 1 20. 1 34-133 
blood transfusion reactions, I 20, ] 27- 128 
bovine congenital eiythropoiedc porphyria, 
120, 133-134 

caval syndrome of dirofilariasis, 1 2fl 
cytauxzoonosis, I 20, 1 35 
drug- induced, 120, 126 
eccentrocytic hemolysis (acquired or inherit- 
ed), \2$L 131-132 
envenomation, 1 20, 137 
eperythrozoonosis, 120, i 28-1 29 
erythrocyte membrane damage, 139-133 
equine infectious anemia (II A), 1 20, 
129-130 

feline erythropoietic porphyria, 120. 1 l-i 
feline Leukemia virus (PetV) f 1 20 , 130 
hacmobartoncl losi s, 1 20, Lib 
Heinz body hemolysis, 120, 130-131 
hem angiosarcoma, 110 
heparin-induced, hemolysis, 1 20. 121 
hereditary nonspherocyite hemolytic anemia 
of beagles, 120, 138 
histiocytic neoplasia, 1 20, 1 3 H 
hypoosmolar hemolysis, 1 3" 
hypophosphatemic hemolysis, 1 20. 1 33 
iatrogenic hypoosmolar hemolysis, I 20. 13 
idiopathic hemolytic anemia of Abyssinian 
and Somali cats, 1 20. 1 38 
idiopathic immune hemolysis, 1 20. 126 
immune, 120, 125, 122-130 
intravascular coagulation (localized or dis- 
seminated), 12H 
leptospirosis, 1 20. 129 
metabolic defects, erythrocytic, 1 V-> ■ 1 A-> 
neonatal isoerythrolysis > 1 20. 1 .-tv 1 2~ J 
phosphofructokinase deficiency', 1 2t>. 
132-133 

protozoal infections, 1 35 1 12 
pyruvate kinase deficiency, 1 .HI, 1 32 
table of, 120, 124 
thdleriosis, 120. 136 
trypanosomiasis, I 20. [ 3fWI 37 


vasculitis, 120 

yellow lamb disease {Otiftridium prrfrmgem, 
type A), 120, 133 
features of 1 19. Ill 122 
bilirubmuria* 1 22 

he moglobine m ia/hem oglob in u ri a, 122. 123 
icterus (jaundice), 121 
urobilinogcnuria, I 22 
intravascular iwio esrravascular hemolysis, 
119. L 21 

in liver disease, 9f>Hi 
megaloblastic, 1 9.3-194 

non regenerative, H)3 -■ Ui6. } W. JJJ 116 

causes, 1 i L=1 16 

bone marrow hypoplasia/aplasia, I 1 ^ 
crythroid hypoplasia, 113 11 < j 

FeLV-inducccIt 114 

hyperestrogen ism, 1 1 (' 
hypoadrenocorticism, 1 1 3 ■ I 1 6 
hypothyroidism, 1 1 3 
inflammation, 111-112 
liver disease, L16 
nutrient deficiency, 119-113 
renal disease, chronic, 1 1 2 -1 13 
table of, 111 
time course of, LLi 
rubricytosis and, 93 

Angiotensin II, 2S2, 3-iP. 330, 404 
Anion 

charge, 369 
definition, 362 
strong, 395 

Anion-bound calcium (Ca**) } 402 
Anion gap, tfrH ^2 
analysis, 3~ 1 
decreased, *~1 3~2 
formula, 
increased, ^ ' t 

physiology of, 369-3 ‘"l . 370 
SID (strong ion difference) compared, 3'~ 2 
terminology, '68 
Anisocytosis, 99 

Anorexia, hormonal and mineral patterns in, A2S 
ANP. Snr Atrial natriuretic peptide 
Antibodies 

alloamibodies, 12^-128 
anti-insulin, 500 
antiphosphol ipid-protei n* 210 
autoantibody 

thvroglobulin, 543, 547 
thyroxine, 543, 547 
triiodothyronine, 547 
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Antibodies (ion tinned} 
to coagulation Facrors, 210 
cold., 1 2 fi 
warm, ] 14 

Antichymctrypsin, in scrum protein electrophoresis, 

258, 259 

Anticoagulant 

for blood sample collection 
citrate, 3i 
EDTA, 13 
heparin, 33 

oxalate, 33 

lor calcium assays, 4 1 6 
endogenous, 1 S3- 186, )9> ] 9~ 
redenticide toxicosis 
thrombocytopenia, 169 
vitamin K antagonism, 206 
Antidiuretic hormone (ADHJ 

effect on collecting tubules, 2S6 186 
magnesium {Mg 2 9 effects, 4/2 
potassium (K*) effects, 283, 350 
sodium (Na‘) effects, 282. 341. 343 
urine specific gravity and, 365. 307-308 
water resorption, 285— 2 H6 
Antidiurctic hormone (ADH) response test, 334 
.Antihemophilic factor, 183 
An tiphospholipid-p rotem antibodies, 210 
Antithrombin III, 183-184, 185 , 195-197 
decreased activity, 1 96 
in consumptive coagulopathy,. 209 
increased activity, 1 96 1 9~ 
interpretation, 1 96, 203 
test method, 195-1 96 

thrombin-antithrombin (IA7 ) complexes, 19" 
Antitrypsin, in serum protein electrophoresis, 258, 
259 

Aplasia 

aplastic anemia, 164, 240 
lymphoid, 62, I£L 268 
pure red cell, 238-239 
Aquaporins, 286, 307 
Arginase, 456 
Ascites, .345 

Aspartate transaminase (AS [ 4 44 9 45 
half-life, 435 

increased activity, causes of, 445 
reaction in assays for, 439 
.source, 435, 436 
species differences, 445 
Aspirin, 176 

AST, Set Aspartate transaminase (AST) 

ATP generation, defects in, 132-133 


Atrial natriuretic peptide (ANP), Ml 
sodium (Na 4 ) effects, 2R2 
Autoagglutination of erythrocytes, 9 92 

Autoantibody 

thyroglobulin, 543, 547 
thyroxine, 543, 547 
triiodothyronine, 547 

Autoimmune hemolytic anemia (At HA), 126 

Azocasein digestion test, 516 

Azotemia 

abnormal scrum chemistry results in, 297—298 
causes, table of, 289 
in cb romc renal failure, 28/, 288 
definition, 289 

differentiating, guidelines for, 291-292 
postrenal, 290 
prerenal, 289-290 
renal, 290 

Babaia spp., 9 L 135-136. 170 

Bacillary' hemoglobinuria, 1 35 
Bacteria 
culture, 517 

intestinal overgrowth, 5 1 2-5 1 3. 514 
nitriie test in urine for, 320-321 
in urine sediment, 324 
Bacterium, 324 
Base excess, 556 38' 

Basopenia, 72 
Basophilia, 22 

Basophilic granulocytic hyperplasia, 237 
Basophilic stippling, 9 £l 38 
Basophils 

basopenia, 22 
basophilia, 22 
pools and kinetics, 33 
Bence Jones proteinuria, 263—264 
Benzechonium chloride assay, 3 1 3 
pl-hydroKybutyrate f V_ —31 356 

Bicarbonate fHCO/h 363-368 
alimentary loss, 360 
analysis, 364-365 
anion gap and, 369, 370, 371 
buffering system, 3 38 5 . 36' - 

calcium decrease from intravenous, 41 v 
concentration calculation from blood gases, SH6 
concentration unit conversion, 8 
decreased concentration, 367-361 
acidosis, 16" 

alimentary loss of bicarbonate, ^68 
decreased rend excretion, of H ' , 3: ■~-36H 
renal loss of bicarbonate, ^68 
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increased concentration, 365-367 

causes, table of, 366 
contraction alkalosis, 366^367 
gastric loss ofH*. 365-366 
renal loss of H% 366 
ion charge concentration, 36? 

osmolality of serum, 373, 375-378, 377 
physiology of, 363, 363, 364 
in proximal renal tubular acidosis, 311-312 
proximal tubular conservation of, 364 
rend loss, 361 

rend processing of, 281, 232 
Bile acids, 475-480 
analysis of, 475—477 
assays, 476-477 
challenge tesr, 478— 4S0 
concentration, causes of increased, 477—478 
unit conversion, 476 
physiology' of, 475, 476 
unconjugated, 517 
Bilirubin, 467-475 
analysis of, 467-469 

biliiubinuru, 122 t 319-320, 465, 474—475 
conjugation, 472 
ctysrals, 323 

in hemolytic anemia, 1 21 ■ 1 27, 470—47 1 
hyperbilirubinemia, 13. -6-j I 4 
causes, table of, 469 
cholestasis 

functional (sepsis-associated), 474 
obstructive, 473, 473-474 
decreased conjugation and, 472 
lasting, 471-472 

hemolytic disorders, 470, 470—471 
icterus index, 475 
metabolism, 9L, 92 
physiology of, 467* 468 
urobilinOgenuria,, 122 

Bilirubinuria, 122, 319-320, 474-475 
analysis of, 31 9-320 
in liver disease, 465 
physiology of, 3 1 9 
Biopsy 

bone marrow, 229-245 
lymph node, 246-249 
Birman cats. 79 

Biuret reaction for measuring TI* 254-255 
Blcbbing, 436-437, 437 

Bleeding disorders. See Hemostasis, disorders of 
Bleeding time. &¥ Buccal mucosal bleeding time 

(BMBT) 

Blister beetle poisoning, 414, 424 


Blister cell, 102 

Blood film, microscopic examination of stained, 
40=42 

Blood gas 

calculated values 

base excess, 386—387 
bicarbonate concentration, 386 
buffer base, 3 87 
hemoglobin saturation, 387 
total COj concentration, 386 
instruments, 386 
measured values, 386 
sample, 386 

temperature correction factors, 388 
Blood loss 

anemia, 1 09-1 10 
acute, 116—117, 117 
causes, 116 

chronic, 117-119. 118 
hypoferremia from, 146 
hypoproteinemia from, 264-265 
thrombocyropen ia from, 168-169 
thrombocytosis from, 173 
Blood pH. See pH, blood 
Blood typing, 121 

Blood urea nitrogen (BUN). See Urea nitrogen 
Blood volume, regulation of, 340 
B-lvmphocyte neoplasia, hyperproteinemia from. 
262-265 

BMBT See Buccal mucosal bleeding time (BMBT) 
Bone lesions 
ALP increases from, 449 
hyperphosphatemia from, 420 
Bane marrow 

erythroid hyperplasia, IQS 
neoplasia, 1 13 
neutrophils, 52 

in non regenerative anemias, lt)S_ I ns, ] 1 3 
in regenerative anemia, 105—106 
Bone marrow dyscrasia of poodles, HO 
Bone marrow examination 
classification 

hyperplasia, 234-238 

basophilic granulocytic, 237 
eosinophilic granulocytic, 237 
erythroid, 234-236. 245 
general! zedt 237-238, 245 
granulocytic, 235, 236 
lymphoid* 237 
mast cell, 237 

megakaryocytk, 235* 236-237 
mononuclear-phagocytic cell, 237 
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Bone marrow examination {continued} 
hypoplasia, 258-239 

eiyrhrokh 238-239, 245 
generalized, 238, 245 
granulocytic, 239 
megakaryocytk, 239 
myelophthisis, 240 
myelitis, 240 
myelofibrosis, 239-240 
necrosis ol bone marrow, 240 
neoplasia, 240—243, 245 
classifications, 241-243 
mydodyxpboic syndromes, 241, 243 
cytologic examination, 230-244 
gross examination, 230 
histologic examination, 233 

interpreting results, 244, 245 
methods, 229-234 
aspiration, 229 
collection sites, 229 
core cutting, 229 
sample processing, 230 
microscopic examination, 230-233, 232 
cellularity, 231 
G:E ratio, 231,24.5 

of megakaryocytes,, 231 
M£ ratio, 231 
post mortem samples, 234 
reasons for, 223 
terminology, 228-229 
Botrocetin cofactor assay, 180 
Bovine ketosis, 498 
Bovine leukemia virus, 66 
Bracken fern poisoning, 1 64 
Boards, hypercholesterolemia in, 530 
Bro me resol green (BCG) dye binding reaction, 255 
Bromcresol purple (BCP) dye binding reaction, 255 
BSP (b romosulfoph th aid n) excretion test, 484 
BT-PABA digestion test, 516 
Buccal mucosal bleeding time (BMBT), 175-176 
interpretation of, 203, 204 
in von Willebrand disease, 179 
BufFer base, 387 
Bufify coat analysis, 39, 39—40 
BUN (blood urea nitrogen), 293 
Burr cell, 100, 102, 103 

Cachexia, hypoproicinemia from, 267-268 

Galcipotriol, 407 

Calcitonin 

analysis of, 428 

hy perca lei tonism, 412— 1 413* 428 


magnesium effects, 422 
physiology of, 427—428 

Csdritriol, 403 r 417, 426-^427, See also Vitamin D 
Calcium (Ca 2+ ) 

anion gap and, 369, 370, 370 , 371 
in azotemia, 297-298 
in coagulation, 1 83 , 184 
concentration unit conversion, 8 
free calcium concentration, 415 
abnormalities, 416-417 
analysis of, 415—416 

hypercalcemia, causes of, 298, 307. 405—409 
hemoconcent rat ion, 408-409 
hyperparathyroidism, 405-406 
hyperproteinemia, 408 
hypoadrenocorticism, 408 
neoplasia, 406-408 
pseudohyperparathyroidism, 406-407 
renal insufficiency /failure, 408 
table of causes, 406 
thiazide diuretics, 408 
vitamin D increase, 407 
hypocalcemia, causes of. 297, 409-4 1 5 
bicarbonate intravenous infusion, 41 3 
binding to diffusabfe anions, 414 
blister beetle poisoning, 4 ! 4 
ethyiene glycol toxicosis, 413 
exocrine pancreatic insufficiency, 410 
fiirosemide rreatment, 413 
hypercalritonlsm, 412-413 

hyperphosphatemia, 414 

hypoaibuminemia, 409 
hypomagnesemia, 410 
hypoparathyroidism, 410 
hypovi tarn mods D, 410 
muscle disease, 414-415 
nutritional, 41 3 
oxalate toxicity, 4l 3 
pancreatitis, 4 1 4 
parturient, 411 

pseudohypoparathyroidism, 410 
puerperal tetany /eclampsia, 411-412 
renal failure, acute, 414 
rumen overload, 415 
table of causes, 409 
tumor lysis syndrome, 415 
urinary tract obstruction, 414 
ion charge concentration, 369 
ionized calcium concentration, 415 
kinetics., 403 

osmolality' of serum, 373, 378 
physiology ofi 402-404 
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bone resorption or deposition, 403—404 
intestinal absorption, 403 
phosphate interaction with, 404 
tend resorption, 404 
renal proofing of, 281. .2 S3 
total calcium concentration, 402—415 
adjusted, 404—405 

analysis of, 404—405 
urine concentration, 327 
Calcium carbonate crystals, 323 
Calcium oxalate crystals, 323 
Calcium phosphate crystals, 323 
Calibration standard solution, Jjj 
Canine cyclic hematopoiesis (cyclic neutropenia), 

65 

Canine distemper virus, erythrocyte inclusions, 77. 

96, 98 

Carbon dioxide (COj) 

in addrbase balance, 383—383 

POO^ measurement, 386-390 

total carbon dioxide (tC0 2 ) concentration, 

363-368 
analysis, 365 
decreased, 36' JOS 
increased, 365-367 
Ca iboxyhemoglo b i n , 389 
Casts in urine sediment, 324-323 
Catecholamines. 

blood glucose effects, -488. 493 
neutrophilia induction by, till 
Cation 

charge, 368 
definition, 368 
strong, 394 

CBC. See Complete blood count (CBQ 

Cellular cast, 325 

Ceruloplasmin, 1. 1 6 

Chediak- Higashi syndrome, Z 9 

Chcmotactic substances, neutrophil migration and, 

53 

Chloride (Cl’), 359-363 
analysis, 359 
anion gap and, 369, 370 
concentration unit conversion, 8 
hyperchloremia, ^59 - ^61 
hypochloremia, 361-363 
ion. charge concentration, M2 
osmolality of serum, 3°~3. .T^-3~8. iT^ 
physiology of, 359 
renal processing of, 281, 282 
Cholecalcifetol, 407 
Cholestasis, 207 473 , 473-474 


ALP activity in, 448 
definition, 966-467 
functional, 474, -j~ 8 
GGT activity in, 450 
hypcrehoicfterolcDiia from, 526 
hyperlipoproteinemia from, 531 
obstructive,, 477 
sepsis-associated, 474 
Cholesterol 
analysis, 526 

concentration unit conversion, S 
crystals, 323 

hypercholesterolemia, 526, 530 
hypocholesterolemia, 526-527 
physiology, .524, 525 
in pleural or peritoneal fluid, 333- 33 5 
Cholinesterase (butyrylcholiricsterase), 456 
Christmas factor, 183 
Chylomicron, 521 524, 530, 531 515 
Chylothorax, 333 
Chylous effusions, 533 333 

drainage and hyponatremia, 3-C 
hyperkalemia from drainage, 354—355 
Citrate, anticoagulant, H 186-187 
CK. See Creatine kinase (CK) 

Cl .W Chloride (Ct ) 

Clinical chemistry assays, 5- 6, See also specific assays 
Clinical hematology assays, 1 5eir aha s p e ci fic assays 
Clinical pathologists, 4 
Clinical pathology, definition, ± 

Clostridium spp., 134-135 
Clot retraction, 160, 177, 203 
CO,. See Carhnn dioxide 
Coagulation, lSl 186, 182, 184 , 18.5 

activated coagulation (clotting) time (ACT), 
188-189, 203 

activated partial thromboplastin time (PTT, 
APTT), I»9— 190, 203, 204 
analysts of 186-188, 188, 203—205 
sample collection, 186-187 
sample processing and handling, 187 
antithrombin III assay 193 | 1 ", 203 
cascade pathways, 182 
factors, 181, 182 t 183, 184 , 19:5-194 
fibrinogen activity, 193. 203, 204 
inhibition of, 183-186, J8\ 195-197 
physiology of, 181-186. 182, 184 , 185 
protean C assay, 197, 203 
proteins induced by vitamin K 

antagem ism/ absence (P1VKA), 1 93 
prothrombin time (FT), 190-192,203, 204 
Russell viper venom time (RWT), 193, 203 
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Coagulation {continued 

thrombin-ant ithrombin, HI (TAT) complexes , 

m 

thrombin time (TT), i 9 2 I 93, 203 
whole blood clotting time (WBCT), 1.88—1 89 
Coagulation factors, 203. See also specific factors 
antibodies to, 21 0 
deficiencies, hereditary, 194 
inhibition of, 209—210 
vitamin K dependence, 184 
Coagulopathy. See also Hemostasis, disorders of 
consumptive, 208—209 
dilutional, 209 
Cobdamin (vitamin B 12 ) 
concentration 
analysis, 51 1-512 
decreased, causes of, 512-533 
increased, causes of, 511 
deficiency, 108, 1 15 
physiology, 5/0 

Codocyte (target cell, Mexican hat cell), 1 00. 10Z, 
464 

Cold antibodies, 116 
Collecting tubules, 28 L 285-286 
Colloidal osmotic pressure, 3~3 
Colony-forming uiiit-eTythroid (CFU-E)* 82; && 
Common pathway, coagulation, 182 
Complement, C\ 261 

In intravascular hemolysis, 1-2. /2> 
in serum protein electrophoresis, 258, 259 
Complete blood count (CBC), 34- 37 
erythnogram, 34= 93 
Leukogram, 16 
platelet assessment, 16 
purpose, 14 
sample for, 36-37 
Congestive heart failure 
edema i n, 344 

sodium concentration ill, 344 
Coomassie brilliant blue (CBB) assay, 31 3 
Coombs' test, 4R l 1 26 
method, 47-48 
purpose, 41 
Copper deficiency, 1M 

non regenerative anemia from, 1 1 4- 1 j_5 
Corrected rericulcxytc percentage, HI 5 
Corticosteroids. See also Cortisol; Dexamechasone 
C-ALP induction, 447, 448-449 
Corticotropin-releasing hormone (CRH), 556 
Cortisol 

in ACTH stimulation tests, 566-568, 569 
assay principles, 557-558 


blood glucose effects of, 490. 494 
concentration unit conversion, 8 
in dexamethasone suppression tests, 562—568, 569 
hypercortisolemia, 558—559 
hypocortisolern ia, 559-560 
regulation of secretion, 556, 556—557 

sample handling, 557 

urine cortisokcreatinine (Cort:Crr) u ratio, 

560 - 561 , 561 

Creatine kinase (CK), 452-453 
half-life, 435 

increased activity, causes of, 452—453 
reaction in assays for, 439 
source, 435, 436 
Creatinine 

concentration in serum or plasma, 294—295 
analysis, 295 
decreased, 295 
increased, 295 
unit conversion, 8 

versus urea nitrogen concentration, 295-296 
excretion rate, 329, 331 
physiological processes concerning, 294 
protei n-creatini ne ratio, urinary. 328 33 D 
renal processing of, 384 
urine concentration, 327 
urine cortisokcreat mine (CorrCrt) u ratio, 
560-561* 367 

Creatinine (Crt) clearance rate, 296-297 
endogenous, 297 
exogenous, 297 
formula, 296 

CRH (corticotropin- releasing hormone), 556 
Cross- match 
major, 1 27-128 
minor, 1 28 

Crystals, urinary, 323, 326 

Cushing's disease- See Hyperadrenocortickm 

Cutoff value, M 

Cyanocobalam In, 8 

Cycl ic hematopoiesis, 65, 21 

Cyl indrum, 324-325 

Cystine crystals, 323 

Qftawaoon feUs, 97i LIS 

Cytochemical stains, for Leukemia, 242 

Cytochrome-h^ reductase (Cb^R) deficiency, 1 43 

Cytokines 

effects on neutrophils, 51 
iron kinetics and, 1 ! 2 
myclosupptession, 165 
thrombopoiesis and, 172 
Geologic examination 
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lymph node, 246 
marrow,, 233—254 
Cytology, defined, 6 

Dacrocyte, 1 00, 1 02 
D-dimer, 122 203 
Dehydration 
causes, 341 
effects. 

erythroeytosis, l 19-340 
hypernatremia, 342 
normonairemia, 344 
types. 341. 342-343 

urine specific gravity interpretation in t 303 . 306 
Densitometer, 257 

Dermatopathy protein- losing, 266, 494 
Detection limit, assay 17 
Dctomidine, 496 

Detoxification, liver function in. 463 
Dexamethasone suppression test 

ACTH stimulation test combined with, 
568-569 

high -dose (HDDST) 
in cats, 567 
in dogs, 563, 564-565 
in horses, 563 
low-dose (LDDST) 
in cats, 567 

in dogs, 562, 563, 564, 565 
Diabetes insipidus 
central, 307 
nephrogenic, 307 
resorption of urea and, 294 

water loss from, 342-343 
Diabetes mellitus, 492, 493-495 
definition, 492 
diagnostic criteria in people, 
drug- induced, 495 
endocrine, 494-495 

genetic, 995 

hypercholesterolemia from, 526 
hyperlipoproteinemia from, 53 f 
hypertriglyceridemia from, 5 '' 3 
infectious, 425 
Na 4 :K 4 ratio, decreased, 358 
pancreatic* 494 
type 1 , 493-494 
type i 494 

urine specific gravity in, 305 
Diagnostic properties of laboratory assays, 22 28. 

24*2221 

Diarrhea, Na 4 :K f ratio decrease, 358 


D1C. See Disseminated intravascular coagulation 

1 ,25-DHCC ( ] ,25^ihydrereYcholccaJcifcrol}, 403 . 

411 422* 426-427. See «Av Vitamin D 
Djphosphoglycerare (DPG), 21 
Discocytes, 21 

Disseminated intravascular coagulation (D1C) 
as, consumptive coagulopathy 208 
thrombocytopenia, 169 

Dissociation curve, oxygen-hemoglobin, 33", 38^ 
Distal renal tubular acidosis, 3 1 1 
Distribution, reference, 10. 12. 12 
Diuresis, hyponatremia from prolonged, S3 
Dijhle's inclusion bodies, 15 
Donnan equilibrium effect, 3~3 
Drug-induced conditions. 

alkaline phosphatase {ALP) elevation, 448 
crystalluria, 323 
diabetes mellitus, 995 

erythroid hypoplasia, 239 
immune hemolytic anemias, 126 
immune-mediated thrombocytopenia (IMT), 
166-167 

myelosuppression , 1 64— L 65 
neutropenia, 236 
nonregenerative anemia, 1 1 > 
thrombocytopenia, 164—165 
D-xylose absorption test 
analysts of, 5 14=3 16 
physiology of, 515 
Dye excretion testSp 989 
Dysfibrinogenemia, 193. 209 
Dysproteinemia. See Proteins, dysproteinemias 

Eccentrocyte, 100. 1 0 1 . 303 
Ecchymoses, 202 
ECE See Extracellular fluid 
Echinocyte, 100. 3 03 
Eclampsia, 4l 1412, 421 
Edema 

edematous disorders 

congestive heart failure, 344 
hepatic cirrhosis, 345 
hyponatremia in, 348 
nephrotic syndrome, 345 
normonairemsa in, 344—345 
lymph node, 249 
EDTA, 3i LM 

Ebrtiehia spp. 

leukocyte infection, "8 
platelet infection, 161, 170 
thrombocytopenia, 170 

EIAV. See Equine infectious anemia virus (E1AV) 
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Electrolytes, 339—378- See also specific electrolytes 
anion gap, .368-372 
analysis, 371 
decreased 3 7 1 -372 
formula, 369 
increased! 371 

physiology of, 361 ^ 3 . 370 

SID {strong ion difference) compared, m 
terminology, 36K 369 
bicarbonate (1 ICO,'). 363-368 
analysis, 364-365 
decreased concentration, 36 ~ i68 
acidosis, 36" 

alimentary loss of bicarbonate, 368 
decreased renal excretion of H # » 367—368 
renal loss of bicarbonate, 36E 
increased concentration, 365-367 
causes, rable of, 366 
contraction alkalosis, 366-367 
gastric loss of 1 1 3 365—366 
renal loss of H7 366 
physiology of, 363. 363, 364 
proximal tubular conservation of, 364 
chloride {Cl h 339 363 
analysis, 339 
hyperchloremia, 3^9—36 1 
hypocbioreitlia, 361 -363 
physiology of 359 

interpretation of concentrations, 339 
osmolality, 3~~-> 3"8 
potassium (K*h 3^9—338 

in acid-ba.se disorders, 349. 349-3 3Q 
hyperkalemia, 351—355 
acidosis, 352, 354 
causes, table of, 353 
hemolysis, intravascular, 352 
hypoadrenocorticism, 354 
muscle disorders, 352 
peritoneal effusions, 355 
pseudohyperkdemia, 353 
renal disease, 353-354 
shift from ICF ro ECF, 352-353 
tissue necrosis, 352 
trimethoprim-induced, 355 
urinary tract obstruction/leakage, 354 
hypokalemia, 355-357 
alimentary loss, 3~> 
alkalosis, 355 
anorexia, 355 
causes, table of 356 
cutaneous loss, 3>~' 
renal loss, 356—357 


shift from ECF to ICF, 355 
normokalemia in acidotic or alkalotlc animals, 

355 

physiology of 349-350. 351 
sodium ^potassium ratio, 35^-358 
renal excretion, quantitative assay of 327 
sodium (Na + ), 34 [> 3 j VJ 
analysis of, 3a 1 -392 
hypernatremia, 342—343 
from sodium excess, 343 
from ware r deficit, 342-343 
hyponatremia, 346-349 
alimentary loss, 346 
cutaneous loss, MZ 
in edematous disorders, 348 
in extracellular fluid expansion, 34S 
pseudohyponatremia, 348-349 
renal loss, 346—347 

shifts between intracellular and extracellular 
fluid compartments, 348 
third-space loss, 34^-348 
normonatremia in dehydrated or edematous 
animals 

congestive heart failure, 344 
hepatic cirrhosis, 345 
nephrotic syndrome, 345 
physiology of, 3 SO 3 4 1 
sodium [potassium ratio, 3^~'-3^8 
strong ion difference (SICK 393-398 
Electrophoresis, See Scrum protein electrophoresis 
ELISA, in von Willebrand factor assay, 179 
Rlliptocyre, 101. 1 08, 143 
Rmhden'Meyerhol pathway, 94 
Encephalopathy, hepatic, 9S2 
Endothelial cell, 2112 
Endotoxcmia 
crythrocytosis from, 140 
hyperglycemia in, 493 
hypoglycemia from, i9fi 
inflammatory neutropenia due to, 6 jL 64 
platelet sequestration and, 164 
Enteropathy, protein-losing, 266, 537 
Enve nomat ion, 137, 169 
Enzymes, 435-456, See also specific enzymes 
activity", measuring, 438-443 
differences in assays, 441 
interpretation, 442, 443 
sample processing, 441—442 
significance of increased activity, 442 
units, 440 

alanine transaminase (ALT), 443—444 
alkaline phosphatase (ALP), 446-450 
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amylase, 453-455 

aspartate transaminase (AST), 444—445 
creatine kinase (CK), 452-453 
^-glutamyl transferase (GGT), 450-452 
half' lives, table of, 435 
iditpl dehydrogenase (ID), 446 
induction, 438, 438, 448 
isocnzym.es and isofarrrts, 435 
lactate dehydrogenase (LD), 445—446 
lipase, 455-456 
nomenclature, 440—44 1 
reactions For common clinical serum enzyme 
assays, 439, 439 

release from damaged cells, 436—437, 437 
routes of removal, 436 
sources of serum enzymes, 435, 436 
synthesis, increased, 438 
table of miscellaneous serum, 456 
Bednopenia, 22 
Eosinophil ea, 71 

Eosinophilic granulocytic hyperplasia, 237 
Eosinophils 
eosinopetua, 22 
cosinophilia, 71 
pools and kinetics, 55 
in Thorn test, 571 
Eperythrozaon spp„ L >~_ 128-129 
EPL See Exocrine pancreatic insufficiency' 

Epithelial cells, in urine sediment, 325-326 

Equine hyperlipidemia, 532-533 

Equine infectious anemia virus (ElAV), 129-130, 170 

Ergocalciferol, 407 

Erythroblast, 229 

Erythrocyte cast, 325 

Eiythrocytes, 87-150, See also Anemia; Erythroid 
cells 

concentration, 34, 35, 37, 39 
concentration unit conversion, 9 
disorders 

cytochromc-bs reductase deficiency, L43 
elhprocytosis, hereditary, 143 
eiy-thtocytosis, 138-143 

polycythemia, 138> 1 43 
stomatocytcsis, hereditary, 191 
eiy rhrocyrosis, 138-143 
ciythropoicsis* 87, 234—236 
effective, 234, 235 
ineffective, 234-236 
folate concentration, 5 1 3 
hemoglobin 

degradation, 90, 511, 92 
function, 90 


MCHC (mean cell hemoglobin concerns 
lion), 35-36, 38, 40, 24 106-109 
structure, 89-90 
synthesis, 90, 90-9 1 
type, 91 

hematuria, 318-319, 322 
kinetics, 88, 89 

of acute blood loss, 2 

of chronic blood loss and iron deficiency. } 18 
life spans, 1 1 1 
metabolism, 9L 94 
defects. 130-134 
morphologic fearures, 91-lfJ-t 
color, 95-96 
general features, L J1 53 
agglutination,, 1 M L H 
discocytcs, HI 
rouleaux, 91 
tubricytosis, 95 
inclusions, 96, 98-99 
basophilic stippling, 98 
distemper virus, 96. 98 
Heinz bodies, 9fL 98, 99 
hemoglobin crystals, 98, 99 
Howell-jolly bodies. 98. 99 
siderotic granules, 98, 99 
parasites, 26* 22 
shape abnormalities, 100-104 
acanthixyre, 100, 102 
burr cell, 100, 102, 103 

codocyte, 100, 102 
crenation, 102 
dacrocyte. 5 00, 102 
ececntrocyte, 100, 102, 103 
echinocyte, 100, 103 
elliprocyie, 101 , 103 
kerameyre, 100, 103 
leptocytc, 100, 103 
ovalocyte, 1 Q 1 . 103 
pinccrcd cell, 101 . 103-104 
poi kilobyte, 101 . 104 
pyknoeyte, 101. 104 
schizocyte. 101 . 104 
spherocy re, 'Mil. 104 
stomatocyre, 101. 104 
table of, 100-101 
tnrocyte, 101 . 104 
size, 99, 102 
anisocyrosis, 99 
macrocyte, 99, 302 

MCV (mean cell volume), 34-35, 37—39, 
99, 102, 106-109 
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Erythrocytes {ctwtwued} 
microcyte,. 1 02 

precursor 87-88 

species differences, table of, 89 

stability, 3Z 

in urine sediment, .’'22 

Erythrocyte surface-associated immunoglobulin, \22 
Erythrocytic metabolic defects 
ATP generation defects, 132-133 
eccentrocytic hemolytic anemia, 131 1 32 
flavin adenine dimicleotide (FAD) deficiency, 1 32 
glucose-6-phosphate dehydrogenase (G6PD) defi- 
ciency, 1.31-132 

Heinz body hemolytic anemia, 130-131 
heme synthesis defects, H3 1 : i 
hypophosphatemic hemolysis, Li3 
oxidative damage, 130 1 32 
phosphofructokinase deficiency, 132—133 
potphyria, 13.3- 1 34 
pyruvate kinase deficiency, Li2 
Erythrocvtosis, 1 ^8- 1 i3 
categories, 1 39 
causes, 138-143 

bemooofleent ration, 138-140, ill 
dehydration, 139—140 
endotoxic shock, 140 
hypoxia! HO, 142 
neoplasia, 14 L 142-143 
secondary erythrocytosis, 140—142. L ±1 
appropriate, HO, L42 
inappropriate, 142 
splenic contraction, HO, Idl 
table of, 139 
definition, 138 
hypoglycemia and, -EJ8 
Erythrogram, 3 h 36 
Eryihroid cells 

GlE ratio in bone marrow examination, 231 , 

232, 233 

hyperplasia, 234—236, 24 5 
hypoplasia, 1 13-116, 238-239, 245 
endocrine disorders, 113 1 1. 6 
FeLV- induced, 1 1 4 
liver disease, 1 Lfa 
nutrient deficiencies, 1 1 4—1 1 j 
pure red cell aplasia, l li -1 H 

M:E ratio, 231 

precursors, 87-88, 229 
Erythroleukemia, 108 
Erythroni 

blood eryxhrocyies, 8 •-■-80 
defined, 8" 


erythrocyte precursors, ET 88 
splenic erythrocytes, ■H i > 

Erythrophage, 16 

Erythropoietin, 3Z, 112 - 1 13 , 234, 239 
crythrocyrosis from, 1 40-1 42, lAl 
inappropriate production, 142 
stimulation of production by tissue hypoxia, 

112 

tissue hypoxia and, 1 40, /-ij, 142 
Escherichia n?/j, cholestasis from, 474 
Estrogen 

Antithrombin 111 deficiency' and, 196 
hyperestrogenism, LUi 
myelosupprcssion by, 1 64 
Ethanol 

hypoglycemia from, 499 
osmolality, serum, 374 
Ethylene glycol 

anion gap* increased, 3" 1 
hypercalcemia* 413 
hyperglycemia from, 993 
osmolality', scrum, 3 4, 31~6, 3 3 
oxalate crystals from, 4 1 3 
Evans* syndrome, 168 
Excretion, Set aiw Renal system 
liver function in, 463 
study, 24-hour, 327-328 
Exercise 

hypernatremia, 343 
hypoglycemia, i '8 
vWf, 180 

Exocrine pancreatic insufficiency (EPl), 508 
cobalamin concentration in, 312 
folate concentration, 514 
hypocalcemia from, 410 
hypoproteinemk from, 267 
laboratory methods for evaluation of, 516 
TL1 decrease in, 51 1 
Extracellular fluid (ECF), 339-340 

potassium concentration, 350, 352—355 
sodium concentration, 348 
volume expansion, 348 
Extramedullary hematopoiesis, 45_i 249 
Extrinsic pathway, coagulation, 182 

Failure of passive transfer, 268, 272-273 
False negative results* 22 23, 24. 23, 27, 22. 

False positive results, 22-23* 14 . 25 . 27 
ROC curves and, 28^ 29 
Fanconi syndrome* hypophosphatemia from, 421 
Fatty cast. 3.25 

FDP. Sre Fibrin (ogeo) degradation products (FDP) 
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Fe, See Iron 

Fecal o- 1 protease iahibiror assay, 5 1 T 
Fecal exam i nations/ tests 
direct, HZ 
fat excretion, 516 
fat microscopic exam, 516 
flotation test, 517 
occult blood,, 517 
sedimentation test, 5 ] 7 
stained, 517 

starch microscopic exam, 5 1 6 
Feline leukemia virus (FeLV) 
cyclic hematopoiesis* 65 
eiythrold hypoplasia, 1 14* 239 
giant neutrophils in, 7 5 
hemolytic anemia from, 13Q 
lymphoid neoplasia, 66 
macrocytic normochromic anemia from, JiE 
megaloblastic anemia from, 144 
FeLV. See Feline leukemia virus 
Ferritin, 1 12 
Analysis, 148 

concentration unit conversion, £L 148 
hypcrfcrritincmia, 148—149 
hypolerritinemia, 149 
in inflammation,. LIZ 
Fibrin, formation and degradation of, 199 
Fibrinogen 
activity; 1 93 
antigen* 1 9 3 

in co agulation* 181, IS2 t 183 
concentration, 40, 1 93, 203, 204 
heat precipitation, 255—256 
quantitative (thrombin time), 192-193, 203, 
204 

unit conversion, Sj 256 
in consumptive coagulopathy, 209 
hyperfibrinogenemia. 270—271 
hvpofibrinogencm ia, 271-272 
FP;F ratio (plasma protein to fibrinogen ratio), 

270-27 L 

Fibrin(ogcn) degradation products (l 1 DP)* 

1 98-20 1 

analysis ol, 1 08, 200 
coagulation inhibition by, 20 L 209 
formation of* 199 

increased* causes of* 200^20 i , 203, 204 
Fibrinolysis, 1 97-202 
D-dimer* 201-202 

Fibfin(ogcn) degradation products (FDP)* 

198-201 

analysis of* 198. Qm 


formation of, 1 99 

increased, causes of, 200 201 - 203, 204 
physiology of* 1 97- [98, 199 
Fibrin stabilising factor, 183 
Film digestion, radiographic, 5 1 Q 
Fitzgerald factor, 1 83 
Flame photometry, 348 

Flavin adenine dtmicleotide (FAD) deficiency, 112 

Fletcher factor* 1 83 

Folate 

analysis,, 513 

concentration unit conversion, i* 513 
decreased, causes oh 108, 1 1 5. 514—515 
increased, causes of, 514 
physiology* 310 

Fractional excretion (EE.) ratios, 330 7 
Freezing point osmometry, 302-303 
Fucosidosis, HQ. 

Functional adrenocortical neoplasia (FAN)* 559 
ad renocorticot rophic hormone (ACTH) stimula- 
tion test response* 566, 566, 567 
dexamethasone suppression tests, .56*3, 564—567 
Fungi, in urine, 326 
Furoseinidc 

aciduria from, 310—31 l 
hypocalcemia from, 41 3 
hypochloremia from, 362 
metabolic alkalosis from, 366 

G6PD (gl ucose-6-phosphate dehydrogenase) 
deficiency, 131-132 
y-glu ramy Itransferase (GGT), 450-452 
assay reaction tor, 439 
in colostrum, 450 
fractional excretion ratio* 33 - 

half-life, 435 

increased activity in blood, causes of, 450-451 
sample handling, 441 
source, 435* 436 
species differences, 45 1 
urine, activity in* 332, 451-452 
Gatnmopathies, 261-264 

Gangliosidosis, 79 

G-CSF (gran ulocite-colony stimulating factor), 65 

Gelatin tube digestion, 316 

GrE ratio in bone marrow examination, 231 

GFR, See Glomerular filtration rare 

GGT, See -y-glutamy I transferase (GGT) 

Ghost cells, 95* ] 26 
Globulin, 8j 255 

Glomerular disease 

glomerulonephritis* 265 
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Glomerular disease {continued) 

protein -losing nephropathy, 265 , 315, 3 / 6 
proteinuria from, 313-315, 314> 316 
Glomerular filtration, J ~ 9 . 2~'4 -286 
Glomerular filtration rate (GFR) 
in acme renal failure, 287 
in chronic renal failure, 2 8 6-/ 3 7 
creatinine (Crt) clearance rate as estimate of 
29(3-297 

dec rease and amylase increase, 454 
decrease and lipase increase, 455 
decrease and TLI increase, 5 1 1 
overview of, 2S0 
Glucagon 

blood glucose effects, -tHS 3)2, 494* 49S 
gfucraojionia, 494, 503 
immunorcaciive glucagon concentration, 

magnesium effects, 492 
physiology of, 4SS, 302 
Glucagonoma, 494, 503 
Ghicooort icuid-associated/induced condi lions 
eosinopenia, 21 
hepatoparhy, 443 
hyperalbum inemia, 269 
hyperglycemia, 493 
liypochy toxemia, 546 
lymphopenia, (3L 69 - "0 
monocytosis, Zi> 
neutrophilia, 19 6iL 6' 
thrombocytosis, ] 73 
Glucocorticoid hormones 
ADH, effect on, 307 
GGT induction by, 451 
G luconeogcncs is, M &L 496-497 
Glucose 

blood glucose 

analysis of, 490-491 

nunphoto metric assays, 491 
photometric assays, 491 
sample, 490 

whole blood versus plasma or serum, 

490-491 

hyperglyc cmia, 492 496 

diabetes mcllitus, 492, 493—495 
pharmacologic* 995-996 

physiologic, 1 132=433 
hypoglycemia 

pathologic, 496—498 
pharmacologic, i98 499 
imiiuirtoreactive insulin ‘glucose ratio, 50 1 - 302 
osmolality uf serum, 3^3 . 3~4-3~8. 3^^ 


physiology of, 9Hh. ^9. 49fl 
concentration unit conversion, 8 
renal processing of, 283 
transporters, 283 . • 3 K . 493, 494 
in urine (glucosuria), 283. 305—306, 315. 317 
G lucose-6-phosphate dehydrogenase (G6PD) defi- 
ciency, 131-132 
Glucose tolerance test, oral, 5 I " r 
Glucosuria 

analysis of, 31 5* 31 
disorders 

hyperglycemia, 
renal, 3 1 ~ ~ 

osmotic diuresis from, 305- >06 
Glutamate dehydrogenase, 456 
Glutamate oxaloacetate transaminase (GOT). See 
Aspartate transaminase (AST) 

Glutamate pyruvate transaminase (GPT). See 
Alanine transaminase (ALT) 
Glutaraldehyde coagulation test, 273-274 
Glycogenolysis, 4 ft 9. 493, 498 
Gold standard, 22^ 23, 26*. 28 
GOT (glutamate oxaloacetatc transaminase). See 
Aspartate transaminase (AST) 

GPT (gjutamatc pyruvate transaminase). See 
Alanine transaminase (ALT) 

Granular cast, 325 

Granulocyte-colony stimulating factor (G-CSF), 65 , 
236 

G ran ulocyte/macrophage colony stimulating factor 
(GM-CSF), 236 
Granulocytic cells 

in bone marrow examination, 233 , 232, 233 
hyperplasia, 235= 236 
hypoplasia, 239 

hypoplastic neutropenia, 63, (>4-65 
Granulopoiesis 
effective, 235, 236 
ineffective, 235, 236 
Grass tetany, 923^24 
Growth hormone 

blood glucose effects of, 490. 493* 494, 4% 
phosphorus effects of 418 

H\ See Hydrogen ion 
HaemobartmeUa spp. ( 9Z, US 
Hageman factor, 183 

Halorhane anesthesia^ hypophosphatemia front, 421 
Haptoglobins, in serum protein electrophoresis, 

258, 259 

HCO,‘. See Bicarbonate 

HDL, See High-density lipoprotein 
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Heart failure, See Congestive heart failure 
Hein/ bodies, 96, 98, 99 
Heim body hemolytic anemia, ] 1 3 1 

causes, 1 ,M) 
feline, 111 

laboratory feature, 131 
pathogenesis, I 30 
Helmet cell, 3 00 , 103 
Hematest, 318 
Hematocrit, 3*1 36, 30 

altitude and, 142 
breed differences, 142 
Hematologic assays, 32-48 
anticoagulants for, 13 
CtSC (complete blood count), 34-3^ 
erythrogram, 34-3 6 
leukogram, Ka 
platelet assessment, 1& 
sample for, 36-3 " 

Coombs' test, 47—48, 4K 
instruments and methods 

centrifugal analysis, 38-40, 10 
impedance cell counters, 3 7 -38 
i-STAT® methods, IS 
laser flow counters, 11 
optical counters, 3-S 
microscopic examination, 40-42 

platelet concentration estimation, 4 1 i2 
process, 40=41 
staining, 4 1 

nucleated erythrocytes, £ll. 4_Z 
reticulocytes, 42-43, 46 

concentration (absolute reticulocyte count), 44 
corrected reticulocyte percentage, 44 
description, 42 

percentage (reticulocyte count) , 43-44 
produaion index, 44—3 3 
reticulocytosis, 42-43 
types, 41 

Hematopoiesis, cyclic, 65 
Hematuria, 124, 318-319, 122 
Heme in urine 

inaljrsij of, 31$ 

causes 

hemoglobinuria, 111 
hematuria, 318-319, 322 
myoglobinuria, 3 1 9 
physiology of, 31 8 
Hetnoconcrntration 
definition. 138 

eiythrocytosis from, 138— 140. / . 
hyperalbumincm ia from, 269 


hypercalcemia from, 403-499 
hypetproteinemia from, 259-260 
Hcmodilmton 

hypoalbumiioemia from, 269 
hypoproteinemia from, 268 
thrombocytopenia from, 170 
Hemoglobin 

carboxy hemoglobin , 384 
cast, 325 

concentration, 34, H 3~ 3H, 46 
erythrocyte color and, 95 
unit conversion, 8 
crystals in emhrooTes, M, 122 
degradation, 90 > 9 1 , 92. 121 
function, 90 
methemoglobin, 389 
nephropathy; 1 2. 2 

oxygen- hemoglobin dissociation curve, 33^. 387 

SOji 387-339 

SpO*, 399 

structure, 89 - 9(1 

synthesis, SO, 90-9 1 

xyp*> ^1 

Hemoglobinemia, 1 22, 123 , 115 
Hemoglobinuria, 122, 123, 124, 133. 135, 319 
Hemolysis 

bilirubinuria and, 320 
defined, 1 19 

cxtravascular versus intravascular, 119, 1 2 1 
folate concentration results and, 5 1 3> 514 
hemoglobinuria and, 320 
hypeihulirubincmia from, 4 '' 4Ti- ■*"! 
hyperkalemia from, 352 
pathogenesis of i mm une, / 25 
urobilinogenuria and, 320 
Hemolytic anemia, 1 10, 1 1 1 -136, 470. 
causes, 122-128 
envenomation, 13~ 
erythrocyte membrane damage, ) h I 
heparin -induced, 13" 
histiocytic neoplasia, 1 33 
hypoosmolar hemolysis, 1 3~ 
immune. L 22, 124, 125. 1 26- 1 30 
metabolic defects, erythrocytic, 130 1 
protozoal infections, 03- 1 3~ 
table of, 120, L24 
features of, l r), 121- i 22 
bilirubinuria, 122 

hemoglobinemia/hcmoglobinuha, 1 2 2. 123 
icterus (jaundice), L21 
urobilinogenuria, 122 
hyperbilirubinemia in, ■ 'ff, 4" 6 — C l 
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Hemolytic anemia {continued} 

intravascular www extra vascular hemolysis, 119, 

121 

Hemolytic disease of the newborn, 126-I2 7 
Hemoperstoneum, 1 16, 1 1 -7 
Hemophagocytic syndrome, 64 
Hemorrhage, See also Hemostasis 
blood loss anemia, 1 1 6 
hematuria, 318-319, 322 
proteinuria from, 314. 314-315 
Hemosiderin, 16, 1J2, 148, 233 
Hemostasis, 157-211 

analysis, patterns of test results, 203-205 
coagulation, I81-1S6, 182 , 184. 185 
activated coagulation (clotting) time (ACT), 

1 88- 1 89, 203 

activated partial thromboplastin time (PTT, 

APTT) 8 1A9-190, 203, 204 
analysis of, 186-188* 188 , 203-205 
antithrombin III assay, 195-1 9~. 203 
factors, 181, 182. 183, 184, 193-194 
fibrinogen activity, 193, 203. 204 
inhibition of, 183-186, 185, 195-197 
physiology of, 181-186, 182, 184 * 185 
protein C assay, J9~, 203 
proteins induced by vitamin K 

a ntagon ism/ absence (PIVKA), 195 
prothrombin time (PT), 19D— 192, 203* 204 
Russell viper venom time (RVVT), 995, 203 
thrombin-anti thrombin III (TAT) complexes, 
1SZ 

thrombin time ( IT), 192-193, 203 
whole blood dotting time (WBCT), 188-159 
definition, 157 
disorders of, 202-2 1 0 

afibrinogenemia/ dysfib rimogenem ia, 209 
causes, table of, 203 
coagulation factor inhibition, 209-210 
consumptive coagulopathy, 208-209 
diagnosis, 202-205 
dilutional coagulopathy, 209 
hepatic disease, 205—206 
vitamin K antagonism, 206, 207 
vitamin K deficiency, 206—208, 207 
fibrinolysis, ■! 97-202 
overview of, 158 
platelets, 157-178 
thrombosis, 210-21 1 
son Willebrand factor, 178-181, 203 
Hemothorax, I ] 6. 1 1 ~ 

Heparin 

agglutination of equine erythrocytes, 92 


coagulation factor inhibition by 209 
disadvantages, M 
hemolysis from, 137 
Hepatic disease, See Liver disease 
Hepadc encephalopathy, 482 
Hcpatccutaneous syndrome, 494-495 
Hepatozoon americanum. 221 
Hexose monophosphate shunt (HMP), 2£ 

HHM (humoral hypercalcemia of malignancy), 
40MO7, 428 

High -density lipoprotein (HDL), 523, 524 \ 530, 
531 

High-dose dexamethasone suppression test 

(HDDST) 
in cats, 567 
in dogs, 563, 564-565 
Hippuric add crystals, 323 
Histiocytes, 51 
Histiocytic neoplasia, 1 38 
Histologic examination, of bone marrow, 233 
Histopaihobgy, defined, 6 
Histoplasma spp,* Z1L 170 

H MG 'CoA (3-hydroxy-3-methy Igju taiyl-cocniy me 
A) reductase, 525, 531 
Howell-Jolly body, 98* 22 
Humoral hypercalcemia of malignancy, 406-407, 

428 

Hyaline cast, 324 
Hydrogen breath test, 51 7 
Hydrogen ion (H 7 ). Set also pH, blood 
anion gap and, 369, 370, 370 
bicarbonate (HCO s ) 364-368 
blood gas measurement, 386 
gastric loss, 365—366 
ion charge concentration, 369 
renal loss, 3 66 

renal processing of, 281, 283 
secretion by Type A intercalated cells of distal 
n rphron, 352 
shift from ECF to IGF, 366 
Hyperadrenocorticism (Cushings Disease) 

adrenocotticotrophit hormone (ACTH) stimula- 
tion test response, 566, 566. 567-568 
dexamethasone suppression tests, 562-567 
functional adrenocortical neoplasia (FAN), 559 
hypercholesterolemia from. 526 
hyperglycemia in, 494 
hyperlipoproteinemia from, 532 
hypertriglyceridemia from, 528 
pituitary -dependent (PDH), 558-559 
thrombocytosis from, 173 
urine specific gravity and, 307 
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Hyperalbum i He rnia 

anion gap, increased, ■ ] 

causes, 268-269 
glucocorticoid therapy, 269 
hemoconcent ration, 269 
pseudohy peralbumi itcmia, 269 
Hyperaldosteronism, 354, 360, 569-570 
Hypcrammoncm ia, 46 i _ i 2 
Hyperbilirubinemia, 1 2L 1.35, 469-4~4 
htlirubinuria in, i 25 . 
causes, table of, 469 
cholestasis 

functional (sepsis-associated), 474 

obstructive, 473 , 473—474 
decreased conjugation and, 4Z2 
fasting, 471—472 

hemolytic disorders, ■fTA, ■Q)-4 T 1 
icterus index, 475 
in liver disease, 464 
Hypercalcemia, 298 

anion gap decrease in, 3~2 
causes, 405-409 

hemoconcen (ration , 4iiK—iii9 
hyperparathyroidism, 405-406 
hyperproteinemia, f 4]8 
hypoadrenocorticism, 40B 
neoplasia, 406-408 
pseudohyperparathyroidism, 406—407 
renal insufficiency /failure, iilH 
cable of causes, 406 
thiazide diuretics, tild 
vitamin D increase, 407 
urinary' concentrating ability and, 307 
Hypcrcaldtomsm, 1 1 2 1 1 h 428 
Hypercapnia, 383, 390 
Hyperchloremia, 359-36 1 
Hyperchloremic metabolic acidosis, V l 
Hypercholesterolemia, 46 u 526, 530 
Hyperchylomi cronem ia, 530 
Hypercortisoiemia, 558-559 
iatrogenic, 559 
neoplasia, 559 

pi ru eta ry-dependeni hype rad renocortic ism 
(PDH), 558-559 

stress, 559 

Hyperestrogenism, nonregenerative anemia from, 

IM 

Hyperferremia, 144-145 
Hyperferrit inemia, 148-149 
Hyperfibrinog^neniia, 193, 270-271 
Hypergammaglobulinemia, 261—264 
Hypergl ucago nemi a, 503 


Hyperglycemia 
causes, table of, 493 
diabetes mellitus, 492, 493-495 

drug-induced, 45 

endocrine, 494—495 
genetic, 495 
infectious, ' ^ 
pancreatic, 494 
type ]_, 493—494 
type 2j 494 
glucosuiia from, 3 1 ~ 
hyperinsulinism in, 5 00 
in liver disease, -j 6 - 1 
pharmacologic, i43-4% 
glucose-related, 495 
growth hormone-related, 496 
instil in- related, 495- i% 
physiologic, 492-493 
diestrus, 493 
excitement or fright* 493 
glucocorticoid-associated, 493 
postprandial, 492 
Hypciinsulincmia, 421, 3 0 f) 
Hyperinsulinism, 133, 496 
Hyperkalemia 
acidosis, 352, 354 
causes, table of, 353 
hemolysis, intravascular, 352 
hypoadrenocorticism, 354 
muscle disorders, 352 
peritoneal effusions, 355 
pseudohyper kdem ia, 353 
renal disease, 353^354 
shift from 1CF to ECF, 352-353 
tissue necrosis, 352 
trimethoprim-induccd, 355 
urinary' tract obstruction/leakage, 354 
Hyprrlipasemia, 455—456 
Hyperlipidemia, 5 29-530 
in Brittany spaniel, >29 43H 1 
definition, 529 

equine, 532-533 

hypercholesterolemia in briards, 530 
hyperchylomicrdncmia in cats, 530 
idiopathic in miniature schnauzers, ^24 
lipoprotein lipase deficiency', 530 
physiological (postprandial), " 4 
Hyperlipoproteinemia 
classification oC ^29 
physiological (postprandial), ^2 L > 
primary disorders. 529-530 
secondary disorders, 539-533 
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Hype H i poprote i nem ia { tansinutd) 
choht^ii '531 

diabetes mellitus, 531 
dietary fal intake, 533 
equine hyperlipidemia, 532-533 
hyperad renof u rt Id s m, 5 32 
hypothyroidism, 53 1-532 
nephrotic syndrome, 532 
pancreatitis, acute, 530-531 
protein losing nephropathy, 532 
Hypermagnesemia, 372, 423 
Hypernatremia, 342-343 

hyperchloremia with, 359-360 
Pom sodium excess.,, 343 
front water deficit, 342-343 
Hyperosmolal i cy, 34 1 
Hyperosmolar syndrome, 374 
Hyperparathyroidism 

hypervitaminosis D and, 427 
primary, 403-406 

hormonal and mineral patterns in, 428 
secondary nurrirional, 413 
secondary renal , 41 1—4 12 
Hy perphosphatc m ia 
causes 

bone lesions, 420 

decreased phosphate excretion, 4 19 
familial in Siberian huskies, 449 
hyperthyroidism, feline, 420 
hypervitaminosls D, 420 
hypoparathyro id ism, 4 1 0 
increased phosphate absorption, 419-420 
myopathy, 420 
table of causes, 419 
hypocalcemia from* 414 
Vitamin D and, 407, 427 
Hyperpituitarism, hyperglycemia in, 494 
Hyperplasia 

bone marrow, 234—238 
lymph node, 247 
H vperprorc incmi a 

ascites formation in, 345 
causes, 259-264 

hcmoeoncen t rat ion , 259-260 
i rtfla m mat ion , 260-262 
neoplasia, B-lymphocyte, 262-265 
table of, 260 
hypercalcemia from, 408 
Hypersensitivity (allergic) disorders, 
cosinnphilia and, 71 
Hyperthyroid ism , 544 
hyperglycemia in, 495 


hyperphosphatemia from, 420 
polyuria, 308 
Hyperihy roxem ia , 544 
Hypertriglyceridemia, 528 
Hyperuricemia, in liver disease, 464 
Hyperventilation 
alkalemia from, 385 
respiratory alkalosis from, 392 
Hyperviscosity syndrome, 264 
Hypervitaminosls D, 420, 427, 428 

Hypoadrenocorticism (Addison's disease) 

,id renoenrtico trophic hormone (ACTH) stimula- 
tion rest response, 566, 566 
aldosterone concentration, 570 
effects 

hypercalcemia, 408 
hyperkalemia, 354 
hypocholesterolernia, 527 
hypoglycemia, 496, 497 
hyponatremia, 346-347 
lymphocytosis, 67—68 
Na + :K + ratio decrease,. 358 
nomegencrative anemia, 1 15—1 16 
primary, 559 
secondary, 559 

urinary concentrating ability and, 307-308 
Hypodbumi nem ia 
anion gap, decreased, 371-372 
ascites formation in, 545 
causes of, 269-270 

hormonal and mineral patterns in, 428 
hypocalcemia, 409 
in liver disease, 464 
HypoaJdosteronism, acidemia in, 368 
Hypocalcemia, causes of, 297, 409-415 
bicarbonate intravenous infusion, 4 13 
binding to diffusible anions, 4 1 4 
blister beetle poisoning, 4 14 
ethylene glycol toxicosis, 4 1 3 
exocrine pancreatic insufficiency, 410 
Furosemide treatment, 41 3 
h ype redd ton 6m „ 4 1 2-4 1 3 
hyperphosphatemia, 4 1 4 
hypoalbuminemia, 409 
hypomagnesemia, 430 
hypopara thyroid ism ,410 
hypovitaminosis D, 41 0 
muscle disease, 4 14—415 
nutritional, 413 
oxalate toxicity, 413 
pancreatitis, 4 14 
parturient, 41 1 
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pseudohypoparathyroidism, 410 
puerperal rerany /eclampsia, 411-412 
renal failure,, acute, 414 
rumen overload* 4 L 5 
table of causes, 4 119 
rumor lysis syndrome, 41 5 
urinary tract obstruction, 414 
Hypocapnia, 38.1 , 392 
Hypochloremia, 361 -363 
metabolic acidosis from* 310 
urine specific gravity interpretation;, 306 
Hypocholesterolemia, 4.64 . 526-527 
Hypochronmia, 95-66. 10~ , 1 08. 1X13 
Hypoco rtisol cxni a, 5 5 9-560 
Hypoferremia, 145-146 
Hypofibrinogenemia, 192, 209* 271-272, 464 
Hypoglycemia, 496-499 
causes* table of* 497 
in liver disease, 464 
pathologic* 496-49$ 
exertional hypoglycemia, 4 98 
gluconeogenesis, decreased, 496—498 
glycogenosis, decreased, 498 
growth hormone deficiency, 496 
hepatic insufficiency, 99 2 
hyperinsulinism* 496 
hypoadrenocorticism, 496 
hypopituitarism* 496 
lactational hypoglycemia,, 498 
leukocytosis or erythrocytosis, 998 
nronatal/juvenile, 49~ 7 
neoplasia, 496, 998 
pregnancy, A 9 8 
sepsis, 998 
starvation, 99 -998 
pharmacologic, -19 8-999 
ethanol, 999 
insulin overdose, 998 
oral hypoglycemic agents, 499 
Hypoinsuli neni ta, 100-591 
Hypokalemia, 298 
aciduria from* 310 

metabolic alkalosis from, 366 

polyuria, 30$ 

Hypomagnesemia, 425 124 
hypovitaminosis D and, 427 
PTH decrease from. 410 
Hyponatremia* 346-349 
alimentary loss, 346 
cutaneous loss, 397 
in edematous disorders, 34 S 
in extracellular fluid expansion, 348 


hypochloremia with, 36 l 
pseudohyponatremia, 348-349 
renal loss, 346—347 

shifts between intracellular and extracellular fluid 
compartments* 348 
third-space loss, 3 - 4 348 ; 
urine specific gravity interpretation, 306 
Hypoostnobr hemolysis, L 
Hypoparathyroidism 

hypovitaittinosis D and, 427 
polyuria, 508 
primary, 410, 42E 
Hypophosphatemia, 297 
causes 

decreased phosphate absorption, 421 
glucose infusion, 421 
hyperinsulinism, 421 
hyperparathyroidism, 405 
increased phosphate excretion, a2i 421 
postpamirieru paresis, 421 
pseudohyperparat hy raid ism , 407 
respiratory alkalosis, 421 
table of causes, 4 20 
hemolysis from, 133 
thrombocytopenia, Q 
Hypopituitarism, hypoglycemia (torn* 496 
Hypoplasia, bone marrow, 238-239 
Hypoproteinemia 
causes of* 264—268 
blood loss, 264—265 
cachexia, 267—268 
failure of passive transfer, 268 
hemodilution, 268 
hepatic insufficiency, 266-267, AM 
lymphoid hypoplasia/ aplasia, 268 
m&labso rprion/ maid igesrion, 267 
protein-losing dermaropathy, 2 66 
protein-losing enteropathy, 266 
protein-losing nephropathy, 265 
cable of, 265 
hypocalcemia from, 40g 
Hyposthenuria, 281. -• .1 
Hypothermia* pi aider sequestration and, 164 
Hypothyroidism, 544 — 546 
effects 

hypercalcemia* 409 
hypercholesterolemia, 526 
hyperlipidemia, 531-532 

hypertriglyceridemia* 1 iH 
nonregenerartve anemia, t 1 1 
multifactorial causes, 546 
primary, 544—545 
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Hypothyroidism {continued) 
secondary, 545 
sick ardiyroidism, 546 

von Wiilebrand disease association, 178-179 
Hypothyroxemia, 544—546 
Hypotriglyceridcinia, 528 
Hypoventilation 
acidemia from, ^83 
respiratory acidosis from, 390, 391 
Hypovitaminosis D, 410, 414, 427 
Hypovolemia 

effect on sodium concentration, 34ft 34 1 
prercnal azotemia, 289-290 
Hypoxemia 
causes, 398 
definition:, 383 
Po 2 , expected, 398—399 
Spo 2 and, 399 

Hypoxia, erythrocytes is from, 140, 142 

ICF (intracellular fluid). See Intracellular fluid 
ICG (indocyanine green) excretion test, 484 
[cotest, j 1 9 
Icterus 

causes, table of, 471 
hemolytic, 121 , 470. 470-471 
Icterus index, 4~5 

IDEXX QBC® YecAutoread™, ML M 
Iditol dehydrogenase (ID), 446 
half-life, 435 

increased activity, causes of, 446 
reaction in assays for, 439 
sample handling, 441 
source, 435, 436 

IDL See Inicrmcdiatc-density lipoprotein 
Illinois biopsy needle, 229 
Immune hemolytic anemias, 1 22, 124. 12 5. 
126° 130 

drug-induced, 1 96 
idiopathic (I I HA), 1 26 
Infection-related, 1 *8 
Anaptasma spp. ? 1 29 
Eperythrozoon spp., I 28- 1 29 
equine infectious anemia virus (KlAV), 
129-130 

feline leukemia virus (FcLV), 130 
HaemabartonelLt spp., 1 28 
Leptospira spp. , 1 29 
neonatal isoerythrolysis, 1 26=1 2Z 
table oh 1 24 

transfusion- related, 12^-128 
Immune-mediared conditions 


anemia, 111, 1 24 - 1 .30 
erythroid hypoplasia, 239 
hyperglycemia, 493-494 
immune-mediated thrombocytopenia (1MT), 
166-168 
idiopathic, 166 
secondary, 166—168 
tests for, 177—178 

megakaryocytopoiesis, suppression of, 165 
neutropenia., 61 . 236 

Immunocytochemistry, hi bone marrow neoplasia, 
242 

Immunoelectrophoresis, 263 
Immunofixadon, 263 
Immunoglobulin, See also Antibodies 
erythrocyte surface-associated, 122 
failure of passive transfer, 268, 272-273 
hypergammaglobtil I nem ia, 26 1 -264 
measurements 

glutaraldehyde coagulation test, 273-274 
latex agglutination, 274 
NajSO^ (sodium sulfite) precipitant test, 275 
SRJD (single radial immunodiffusion), 273 
ZnSG^ (zinc sulfate) turbidity test,. 274—275 
in serum pmtein electrophoresis, 258. 259 
structure of, 262 

Immunophenotyping, in bone marrow neoplasia, 

242 

Immunoreacdve glucagon concentration, 8* 

402-503 

Immunoreactivc insulin concentration, JL 499-301 
Immunoreactive insuliniglucose ratio, 501-502 
Impedance cell counters, 37-38 
IMT. See Immune- mediated conditions, immune- 
mediated thrombocytopenia 
Indirect potendometry, 349 
Induction, enzyme, 438, 438 , 448 
Infections. See also Bacteria; specific etwiogk agents 
thrombocytopenia from, 167, 170 
In flam mail on, effects of 
antithrombin deficiency, 1216 
hyperferririnemia, 149 
hyperproteinemia, 260—262 
hypoferrcmia, 146 
by pot ransferr man ia , 148 
on iron profile, 150 
lymphopenia, 98 
mastocytemia, 23 
monocytosis, III 
neutropenia, £lL (lL 64 
neutrophilia, 3^-69 
non regenerative anemia, 11 LJ.12 
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pyuria, 122 
thrombocytosis, 172 

In-house laboratory, advantages and disadvantages, 2H 
Insulin 

antibodies against, 5IiO 
blood glucose effects, 988 
hyperinsulinemia, 421, 500 
hypoinsulinemia, 500-501 
immunoreactive insulin concentration, 490-501 
immunoreactive in$ulin:glucose ratio, 50 1-502 
overdose, 4911— 499 
physiology of, 501 
potassium concentration and, 355 
Somogyi effect, 496 
Insulinoma, 496 

Intermediate-density liporotetn (IDL), 525 , 524 , 532 
International normalization ratio, 191-192 
Intestinal disease, See alw Malabsorption; 

Maldigestion 

bacterial overgrowth, 512 "13, 514 
cobalamin concentration in, 5 1 2—5 I 3 
D-xylose absorption test, 51 5-5 16 
folate concentration, 5 1 4—5 1 5 
laboratory methods for evaluation of, 517-518 
Intracellular fluid (ICF)* 339 
potassium concentration, 350, 352-355 
sodium concentration, 348 
Intrinsic factor, 5 1 2 
Intrinsic pathway, coagulation, 182 
Ion, See also Anion gap; specific tons 
anion, 369 , 395 
cation, 368 ., 394 
charge, 368, 369 

strong ion difference (SID)* 393-398 
1RG, See Immunoreactive glucagon concentration 
1RL See Immunoreactive insulin concentration 
Iron (Fe) 

absorption, JH 

concentration unit conversion, 8 
conservation systems, 123 
deficiency 

anemia, US U4* 117-119. 118. 236 

microcytosis in, 1 0 2 
thrombocytosis in, 172 
in hemoglobin, 89-9 1 
hyperferremia, 144-145 
hypoferremia, 145-146 
kinetics in healthy animals, 93 
laboratory assessment methods* 144-1 50 
percent transferrin saturation, 148 
serum ferritin concentration, 148-150 
serum iron concentration, 144 


Stainable iron in macrophages, 148 
TIBC (total iron-binding capacity), 146-148 
U1BC (unbound iron-binding capacity), 
146-147 

in nonregeneraiive anemias, LL2 
pigment in botte marrow, 233 
sites of distribution, 91 
storage, 
transport, £1 

Irradiation, thrombocytopenia from, 165 
Isocitrate dehydrogenase, 456 
Isoenzymes, 435 
Isofbrms, 435 
Isosthenuria, 284-285 
1-STAT® methods. iff 

Jamshidi biopsy needle, 229 

Keracocyie, 100, UM 
Ketamine, 495 
Ketoacidosis, 36". iZI 
Ketonuria 

analysis of, .3 1 ''-3 1 8 
hypokalemia and, 356, 358 
hyponatremia in, .U 
physiology oh 3 1 7 
Ketosis, 498 

Kidney disease. Set Renal disease 

Laboratories 

choosing, ! £ 20 
human hospital, 211 
in-house, 2ii 
veterinary reference, iff 
differences in methods and results, I 7- 1 9. 
Laboratory assays. See also Specific tests 
analytical properties of, 19-1 7. 15 
accuracy, L6 
detection limit, LI 
precision, 19-16 
sensitivity, 17 
specificity; 16 1' ' 
choosing a laboratory, 1 9 2l> 
cutoff values* 2d. 
diagnostic properties, 22-28 
evaluating and validating methods, 73-77. 
methods and results, differences in, 17 1 9, 1H 
predictive value, I2-M 
quality of results, 1 3-1 Z 
analytical quality, 19- 1/ 7 
sample quality* 13-14 
reasons for use, 5 
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Laboratory assays [amtmuedl 
reference intervals,. iO— 1 3. LI 
types, 5=6 

units, measurement, 6-10 
Lactate dehydrogenase (LD), 445—446 
half-life, 435 

increased activity, causes oh 445> 446 
isoenzymes, 443 
reaction in assays for, 439 
sample handling, 441 
source, 433, 436 
lactational hypoglycemia, 448 
Lactational tetany, 424 
Lactic acidosis, *67, 3" I 
Laser flow cell cytometers, IB 
Latent agglutination test for IgG, 274 
LCAT (lecithin-cholesterol acyltransferase),, 525 
LD, See Lactate dehydrogenase 
LDL. iSff Low-density lipoprotein 
Lead toxicity, 5LL S5 
LE (lupus erythematosus) ceil, 7 6^"~ r 
Lecithin-cholesterol acyl transferase (LCAT), 525 
Lee- White whole blood clotting rime (WBCT) 
method, 188 
samples for, 186-187 
Left shift 

causes of, 53-36 
classifications! 56- - 
defined, 55 

regenerative us degenerative, 36 
significance of 56-5^ 

Leishnuwks pp., 78s 170 
LepTocyre, 100, 103 
Leptospira spp., 1 23 
Leucine crystals, 323 
Leucyl aminopeptidase, 456 
Leukemia 
acute, 24 1 
chronic, 241 

classifications of, 242-243 
cyiochetnieal stains, 242 
definition, 240 

megakaryocytic, 165 
monocytic, i 0 " I 
Lcukemoid response, IB 
Leukocyte cast, 523 
Leukocyte esterase in urine, 321 
Leukocytes, 30 -.SO, See also specific leukocyte types 
abnormal blood concentration, 55-75 
basophils 

basopenia, 22 
basophilia, Z1 


eosinophils 

eosinopenia, 22 
eosinophilia, Z1 
lymphocytes, 62 _0 
lymphocytosis, 65 -6K 
lymphopenia, 68-7(1 
mastocyremia, Z3 
monocytes 

monocytopenia, 7 I 
monocytosis, ~P- T I 
neutrophils, 33 Q5 
Left shift, 55-57 
neutropenia, 62 63 
neutrophilia, 5^-61 
right shift, 37 
concentration, 36. 32 221 
abnormal, 55-^3 
correction for nucleated RBCs, ±5 
unit conversion, 2 
differential count. Mi 
leukopoiesis, 50- 3 1 , 37 
morphology, abnormal, ~"4 80 
erythrophage, 76 
giant neutrophils, 73 
hyperregmemed neutrophils, 7 - 7 6 
inclusions, 74—80 

LE (lupus eiythrematosis) cell, "7 
of monocytes, Li 
organisms in leukocytes, 7~ '6 

react ive Lymphocytes, 26 
nderoleukocyie, 25 
toxic neutrophils, "4-75 
organisms in, 
bacteria, 77 

canine distemper inclusions, 77 
Ehrlichia* pp.„ 7—78 
Hepatoz&on atnerifttnum, 7 8 
Hiitopbttma Citpsulatum, 7 B 

Leukmama spp„ ZH 
Mycobacterium, 7E 
Sanwytfis spp., 72 
Toxoplasma gondii, 72 
patterns, leukogram, ~ V 74 
physiological proce-sses involving* 50-5 5 
basophil pools and kinetics, 35 
eosinophil pools and kinetics., 35 
leukopoLesis, 50-5 1 , 5 1 
lymph ocyte pools and kinetics, 5.1-5 5. 5v 
mast cell kinetics, 55 
monocyte pools and kinetics, 57 
neutrophil pools and kinetics, 52 33 
in urine sediment, 321 
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LeukcK^xosis 

hypoglycemia and, 498 
in lymphadenitis, 247 
Leukograiti, "3-^4 
Leukon, defined, 5£) 

Leukopo iesis, 50 -3 \ . 5/ 

Limits, reference, JXL, 12—13 
Lipase, 455^56, 525, 529-533 
in azotemia, 29S 
half-life, 435 

increased activity, causes of, 455—456 
reaction in assays for, 439 

source, 435, 436 

Lipemia, 329. Set aho Hyperlipidemia; 

Hyper li poprotei nem ia 
effect on. refractometry, 254 
in liver disease, 469 
Lipid droplets, in urine, 326 
Lipids, 522-535 

cholesterol 
analysis, 526 

hypercholesterolemia, 526, 530 
hypocholr-steroiemia, 526—527 
physiology, 525 

in pleural or peritoneal fluid, 333-535 
hyperlipidemia, 329—530 
lit Brittany spaniel, 529-530 
hypercholesterolemia in briards, 530 
hyperchylomicronemia in cats, 530 
idiopathic in miniature schnauzers, 529 
lipoprotein Lipase deficiency, 530 
lipoproteins 

classification, 522-523 
hyperli poproteinemia 
classification of, 529 
physiological (postprandial), 529 
primary disorders, 3-9 5 \0 
secondary disorders, 530-533 
lipases, 525, 529-533 
metabolism, 5 23 . 524 
standing plasma test for chylomicrons, 115 
triglyceride 

analysis, 527-528 
hypertriglyceridemia, 528 
hy potrigly ceridem ia, 528 
physiology', 52" 

in pleural or peritonea! fluid, 533-535 
types, 522 

Lipoprotein lipase, 525, 329-533 
Lipoproteins 

classification, 522-523 
hyperli poproteinemia 


classification of, V.'9 
physiological (postprandial), 529 
primary disorders, 529-530 
secondary disorders, 530-533 
lipases, 525* 529-533 
metabolism, 523, 524 
in serum protein electrophoresis, 258 , 259 
Liver disease 

abnormal rest results in, 463-467 
ALP increase, 448 
ALT increase, 443-444 
AST increase, 445 
BUN decrease, 293-294 
GGT increase, 450 
ID increase, 446 
iron profile, 150 
LD increase, 446 
effects of 

abdominal transudation, 345 
aniithrombin deficiency', 1 96 
bleeding disorders, 205-206 
encephalopathy, nHJ 
hyperferririnemia, 149 
hypoglycemia, 49' 1 
hypoproteinrmia, 266-267 
hypotransferrinemia, 148 
non regenerative anemia, 1 1 6 
polyuria, 308 
portosystemic shunts, • i ( 5 

an n thrombin III deficiency in, 1 96 
bile acid concentration, 477, 429 
decreased urea nitrogen from, 293—294 
hyperammonemia from, 482 
hvpocholesterolcmia from, 2~ 
hypoferremia Irom, 1 46 
type 

biliary, 465-466 
cholestasis, 166^46 
cirrhosis, 345 

hepatocellular disease, 463, 365 
insufficiency, 148, 150,266-267, 293-294, 
308.465, 466. 497 
Liver function 

physiology of, 462 -' 1:0 
detoxification, 463 
excretory, 463 

tests 

abnormal results from, 463— 467 
ammonium (NH^ + ) concentration, -j SO— ^ -■ ■ 
bile acid concentration, 42 |80 

bilirubin concentration, 4f2 i~5 
CBC results, 464 
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Liver function {corttinutd) 

chemistry assay results, 464 
coagulation assay results, 463 
dye excretion tests, Ma 
fecal exam, 465 
peritonea! fluid analysis,, 463 
urinalysis results, 465 
Loop of Hcnlc. 28L 285 

Low-density lipoprotein (LDL), 323 . 524, 531—532 
Low-dose dcxamethasone suppression test (LDDST) 
in cats, 567 

in dogs, 562, 563, 564, 565 
Lupus erythematosus (LE) cell, 76-77 
Lymphadenitis,. 247—248 
Lymph node examination 
classifications, 247—249 
hyperplasia, 247 
lymphadenitis, 247-248 
lymphoid neoplasia, 248 
nonlymphoid neoplasia, 248 
reactive, 247 
lymphocytes in, vi 
methods, 246-247 
sample collection, 246 
sample processing, 246 
terminology, 244, 246 
Lymphocytes,. 65—70 
blood, 53-54 
in bone marrow, 233 
life span, 51 
lymph node, 54 
lymphocytosis, 65-68 
lymphopenia, 68-70 
pools and kinetics, 53 55 , 54 
reactive, 26 
tissue, 54 

Lymphocytic thyroiditis, 544 
Lymphocytosis, 65 68 
causes, table of. 66 
hypoadrenocorticism and, 67-68 
inflammatory, 65 - 66 . 6Z 
kinetics of, 6Z 
neoplastic, 66 (■" . 67 
physiologic (shift), 6(2 6Z 
in young animals, 68 
Lymphoid hyperplasia, 237 
Lymphoid hypoplasia, 62, 70_ 268 
Lymphoma, 248 
hypervitaminosis. D and, 427 
lymphopenia in, 70 
Lymphopenia, 4H- 'Ll 
depletion, ZU 


glucocorticoid-assodated (stress), 6£ 64-70 

inflanmiatorv; 68. 6 V 
kinetics of. 62 

lymphoid hypoplasia/aplasia, &£. ZIL 268 
Lymphoproliferative disease. 1 1 3.. 24 1 
Lysodren, 567 

Macrocytes, 95b 1.02. 1 15 
Macrocytic hypochromic anemias, LQ2 
Macrocytic normochromic anemias, ] n ' I Q-4. 114 
Macrophages, 5_L 148 
Magnesium (Mg 2 *) 

anion gap and, 369. 370. 370, 371 
concentration unit conversion, 6 
hypermagnesemia, 423 
hypomagnesemia, 423—124 
ion charge concentration, 369 
osmolality of serum, 373. 378 
physiology of, 421—422 
distribution. 421-422 
excretion, 422 
hormonal regulation;, 422 
intestinal absorption, 422 
renal processing of, 281, 283 
total magnesium concentration, analysis of, 

422-A23 

Magnesium ammonium phosphate crystals, 323 
Malabsorption, 508-509 

coba! a min deficiency from, 5 1 3 
D-xvIose absorption test, 31 5-516 
hypoprotcincmia from, 267 
laboratory methods for evaluation of, 516. 
517-518 

TL1 decrease in, 51 1 
Malate dehydrogenase, 456 
Maldigestion, 508 

hypoprotcincmia from, 267 
laboratory methods for evaluation of. 516. 
517-518 

TLI decrease in T 51 1 
Maltese, 456 

Mannitol, osmolality of serum, 374, 376 
Mast cells 

hyperplasia, 237 
kinetics, 55 

Masiocytemia, Z3 

Mean cell hemoglobin (MGH), 35, 

Mean cell hemoglobin concentration (MCHQ, 
35-36. 38. m 

concentration unit conversion, S 
erythrocyte color and, 96 
increased values, 109 
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in morphologic classification of anemias, 

106-109 

Mean cell volume (MCV), 34— • 3-39 

arsisocytosk, 99 
macrocytes, 99j 1 0.2 
microcytes, 102 

in morphologic classification of anemias, 

] 06— 109 

Mean platelet volume (MPV), 173-175 
Meclofienamic acid, myclosupprcssion by, 164 
Megakaryocytes 

bone marrow evaluation, 231, 232 
hyperplasia, 235, 236-237 
hypoplasia, 239 

irnmune-med kited suppression of, 165 
leukemia, 165 

thrombopoiesis, 1 57-158, 159 
Megalcaryocympoiesis, 164—165 
Megaloblastic anemia, 1 43—] 44 
Megaloblastic erythroid cells, 1 I H 
Megestrol acetate, 425 
Melanoma, metastatic in lymph node, 249 
M:E ratio, 231 
Metabolic acidosis, 390 
anion gap* increased-, 3~ 1 

bicarbonate buffering system and, H< . fo'-j 

compensatory, 392, 393 
hyperchloremic, 360 
hyperkalemia from, 352, 354 
hypochloremia and, 362 
Metabolic alkalosis 

bicarbonate buffering system and, 365-367, ^4 
causes, 391. 

compensatory, 390, 393 
hyperkalemia in, 355 
hypochlotemia Itom, 362 
physiologic response to, 39 1 
Methanol, serum osmolality, 374, [6, 3 8 

Metbemoglobi n, 389 
Mg 2t . See Magnesium 
Microcytes, 102 

microcytic hypochromic anemia, ur. IQS, I 3-k 
115 

microcytic normochromic anemia, I 0 , 
108-109, 116 
microcytosis,. 1 1 Cl 364 
Microhematocrit, 38-39 
Microscopy, clinical 
blood films, 40-42 
types of assays, 6 
Milk fever, 41 1* 421, 423 
hormonal and mineral patterns in, 423 


hyperglycemia in, 494 
hypervitami nosis D and, 427 
Mitotane, 567 
Mote, 372 

Monoclonal gammopathy, 262, 263 
Monocytes 
monocytopenia, ZJ 
monocytosis, ^0^1 
morphology, ~6 
pools and kinetics, 55 
in tissue, 51 
Monocytopenia, Z1 
Monocytosis, 70-71 

Mononuclear phagocytic system, 237, 463 

Morphine, 496 

M -proteins, 262 

Multiple myeloma, 262, 3~2 

Muramidase (lysozyme), 456 

Muscle disease 

ALT increase tit, 443-444 
anion gap, increased, ill 
AST increase in, 443 
CK increase in, 452—453 
hyperphosphatemia from, 4 3(1 
hypocalcemia from, 4 14 
hypokalemia from, 352, 357 
LD increase in, 446 
myoglobinuria from, 3 1 9 
Mycobacterium spp,, "'8 
Myelitis, 113, 229,240 
Myelocyte, definition, 229 
Myetodysplascic syndromes (MDSs) 
changes observed, 241, 243 
classifications of. 241 
Myelofibrosis, 1 13. 239-240 
Myelogenous, definition, 229 
Myeloid 
definition, 229 

hyperplasia, 236 
M:E ratio, 231 
Myelonecrosis, 165 
Myelophthisis, 1. 1 3- 165, 170, 240 
Myeloproliferative disease, 11 A, 240 
definition, 240—241 
primary thrombocythemia, 172 
Myelosuppressio n 

drug-induced, 164—165 
immune-mediated, 165 

infection- induced, 165 
irradiation-induced, 165 
thrombocytopenia from, 164—165 
Myoglobin cast, 32 5 
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Myoglobinuria, 1 24. 3 1 9 
Myopathy, See Muscle disease 

1M*\ See Sodium 

NAPH-methemoglobm reductase, 143 
Na* K* ATPase pump, 282. 340. 35 i 
Necrosis 

bone marrow, 240 
cytosolic enzyme release by, 437 
tissue, hyperkalemia from, 352 
Neonatal alloimmune thrombocytopenia, 1 67-168 
Neonatal isoerythrolysis, 1 20-1 2~ 

Neoplasia, Set also specific neoplasm 
bone marrow, II 13. 240-243 
effects of 

basophilia, 72 

epithelial cells in urine sediment, 323 
erythrocytosis, i-i L 1 43 
hyperaldostero nis m, 569 
hypercalcemia, 406-407 
hypercalcironism, i 1 2 i 13 
hyperferritinemia, 149 
hyperinsulinism, 5M 
hyperproteinemia from B- lymphocyte, 
262-265 

hyperthyroidism, 544 
hypoglycemia, 496, 4'-JS 
hypothyroidism, 545 
mastocytenua, Z3 
monocytosis, 70=~ 1 
thrombocytopenia, 168, 170—171 
thrombocytosis, 171— I "2 
histiocytic, 1 38 
leukemia 
acute, 241 
chronic, 241 

classifications of, 242-243 
cytochemical stains, 242 
definition, 240 
megakaryocytic, 165 
monocytic* 70—" 1 
lymph node* 248 
lymphcKy r te, 36. 6Z, 262—265 
neutrophil, 6i 
plasma cell, 262 

thyroid gland, 544, 545 
Nephron. See Renal system 
Nephropathy See also Renal disease 
hemoglobin, 122 
protein-losing, 265, 315, 316 

abdominal transudation in, 345 
hypercholesterolemia from, 526 


hyperlipoproteinemia from, 532 
iron profile in, 150 
Nephrotic syndrome 
abdominal transudation in, 345 
hypercholesterolemia from, 526 
hyperlipoproteinemia from, 532 
Neurologic disease, CK activity in, 453 
Neutropenia, 62 65 
chronic idiopathic, 236 
cyclic, 65 

drug- induced, 236 
from endotoxemia, 63m 64 
granulocytic hyperplasia and, 236 
granulocyric hypoplasia, M 64-6 3 
immune, 236, 239 
ineffective production, 4i, 65 
inflammatory, 64 44 

kinetics of, 0 

peripheral destruction, 6A 64 
Neutrophilia, 57-61 
causes, table of, 5Z 

glucocorticoid-associated (stress), 59. 60. 41 
inflammatory, acute, 57- 3,3. 52 
inflammatory, chronic, >2 6il 
kinetics of, 52 . 
neoplastic, 5£ 61 
paraneoplastic, 61 
physiologic (shift), 12 60-61 
species differences in magnitude, 1M 
Neutrophils, 5 5-6 3 
blood, 53 
giant, 21 

hypersegmemed, 75-76, BQ 
left shift, 55-57 
marginated pool, |3 
marrow, 52—5.3 
neutropenia, 62 -65 
neutrophilia, 57-61 
Pdger-Hutt, Ml 
pools and kinetics, 52-53 
Pseudo- Pelger-Huct, S£l 
righr shift, 52 
tissue, 23 
toxic, 74-75 

New methylene blue (NMB) stain 
Heinz bodies, 96 
reticulocyte staining, 42- 13 
NH 4 + , See Ammonium, (NH/) concentration 
Nitrite, in urine, 320-324 
Non regenerative anemia, 1 Q V 1 96, . r > 0 
causey 1 11-116 
time course oh 1 1 i 
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Normoblast, 229 

Noimocync normochromic anemias, i L. 

111 LM 

Nucleated erythrocyte (nRBQ, iLt 
concentration, 4? 
rubricytosis, 95 

WBC concentration., correction, 41 iZ 
5 f -nud«tidasc. 456 

Nutritional deficiencies* erythroid hyperplasia from, 
235-236 

Occult blood, in urine, 318—319 
Oliguria* urine specific gravity interpretation in, 
,306, 307 

Oncotic pressure, 373 
Une-nagc prothrombin time (QSPT). Ser 
Prothrombin rime (PT) assay 
o.p’DDD, 567 

Optical cell counters, iJi 
Ornithine Carbamoyl- transferase, 456 
Ostno* gap, 2 "6, 3 ' 3 3 7 8 
Osmolality, 37.3-.378 
analysis, 374 

calculated osmolality, 3~5-3~6 
measured osmolality* 374—375 
definitions, 373-374 
effective, 374 

freezing point osmometry, 302-303 
hyperosmolality, 374, 376 
interpretation of data, 3^6-3"8 
osmo. gap, 376, 3 "2. 318 
physiology, 3r3-3~4 
regulation of plasma, \4 1 
solutes contributing to, 3 "3 
urine specific gravity as estimate of* 303-304 
Osmolarity, 322 
Osmole* 372 
Osmometer* 3"2 
Osmometry, 372 
Osmoreceptors, 34 1 , 3 "3 
Osmosis, 372 
Osmotic pressure, 7' 2 
Osteopetrosis, I 13 
Ovalocyte, 1.01. 103 
Oxalates, anticoagulant, 33 
Oxalate toxicity, 4 1 3 

Oxidative damage id erythrocytes, 1 30-1 32 

Oximeter, 388-359 

Oxygen 

hemoglobin saturation, 221 i8S 

hypoxemia* 398-399 

Po 3 (partial pressure of oxygen)* 398-399 


Po 2 blood, gas measure, j|86 ' >6 
pulse oximetry* 388-389 

Oxygen-hemoglobin dissociation curve. 

Pancreatic disease 

diabetes tneUitus in, 494 
effects of 

amylase elevation, 453—454 
hypercholesterolemia, 526 
hyperlipoproteinemia, 530-531 
hypertriglyceridemia, 52S 
hypocalcemia, 4 14 
lipase elevation, 455, 456 
exocrine pancreatic insufficiency (EPI), 508 
cobalamin concentration in, 5 [ 2 
folate concentration, 514 
hypocalcemia from, 410 
hypoproteinemia from, 267 
laboratory methods for evaluation of, 3 ] 6 
TL1 decrease in, 5 H 

trypsin- like immunoreactivity (TLl) concentra 
tion in, 509. 51 1 

Pancreatic hormones, Ste Glucagon; Insulin 

Pancreatic lipase* 525 

Paraldehyde, V~6 

Parasites 

basophilia and* 1 

blood loss anemia, 1 1 6 

eosinophilia and, Z1 

erythrocyte, 22 

hemolytic anemia from* 133-13" 

immune hemolytic anemias from, 1 2:3-129 

in urine, 326 

Parathyroid hormone (PTH) 
calcium effects, 283. 403> 403—404, 41 1-4 1 2 
concentration assays, 425 
hyperparathyroidism, 405—406 
causes of, 425 
secondary nutritional, ■ :• 1 3 
secondary renal* 411—412 
hypoparathyroidism, 410* 425 
magnesium effects, 42 1 2 t 

overview of, 424 

phosphate (POJ effects, 283, ■*! * 
target organs, 424 

Parathyroid hoitrione'relaied protein (PTH rp)» 
406-407, 425-426 

Partial thromboplastin time (PTT) assay 
causes of prolonged, 190, 205 
interpretation, 189-190, 203, 204 
in liver disease, -163 
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Partial thromboplastin rime (PTT) assay (continued) 
method, 189 
sample processing, 187 
Parturient paresis (milk fever), 41 1, 421, 427 
POO; (partial pressure of carbon dioxide)* 383- 

PD I L See Pituitary-dependent hype radrentxorri- 
c ism (PDH) 

Pelger-Huet anomaly, 3D 
Peritoneal fluid 

e flats ions/transudatio n 
in hepatic cirrhosis, 345 
hyperkalemia and, 355 
in nephrotic syndrome, 345 
triglyceride and cholesterol concentration in, 

533-535 

Petechiae, ■ 1 02 
pH, blood 
abnormalities 

classification of, 392-393 , 393 
metabolic acidosis, 390 
metabolic alkalosis, 390-391 
respiratory' acidosis, 390, 39 I 
respiratory alkalosis, 392 
Stewart’s method of analysis, 393-398 
analysis, blood gas, 386-388, 3H9 390 
definition, 1S3 
physiology of* 383-385 
Phenylbutazone, myelusupp tension by, 164 
Phenyroin, folate concentration and, 514-51 5 
Pheochromocytoma, 494 
Phosphate (P0 4 ) 

anion gap and, 369, 370, 370, 3~~1 
calcium interaction with, 404 
concentration unit conversion, 9 
fractional excretion ratio, 332 
ion charge concentration, ^69 
kinetics, 4_L 

osmolality ol scrum, 3 "3 
renal processing of, 2Hl. 283 
Vitamin D efFecrs on, 407 
Phosphate enema 
hypernatremia from, 343 
hypocalcemia from, 414 
Phosphofructokinase 

alkalemia effect on activity, 421 
deficiency, 132-133 
Phospholipase, 134 135 
Phosphorus 
concentration 

analysis of inorganic, 4 1 8-4 1 9 
in azotemia, 297 


hyperphosphatemia, causes of, 297 
bone lesions, ^ T ll 

decreased phosphate excretion, 1 ] 1 
hyperthyroidism, feline, 9.-0 
hypervitaminosts D, 420 
increased phosphare absorption, 9 3 9-420 
myopathy, 420 
table of causes, 1 9 
hypophosphatemia, causes of, 297 
decreased phosphate absorption, 421 
glucose infusion, 421 
hyperinsulinism, 421 
increased phosphate excretion, 920-42 1 
postparturiem paresis, 421 
respiratory alkalosis, 421 
table of causes, 920 
hypophosphatemic hemolysis, LiJ 
physiology of, 4l \ 417 418 
age of animal and, 418 
bone resorption or deposition, 418 
intestinal absorption, 418 
renal clearance, 9 I ^—4 1 8 
pH, urine 

aciduria, 310-312 
alkali mi ria, 31 1 * 112 
physiology' of, 310 
Pigmcnturia, 300 
Pincercd cell, LQL 103-104 

Pituitary-dependent hyperadrenocorticlsm (PDH)* 
558-559 

odrcnocorticotrophic hormone (ACTH) stimula- 
tion test response, 566, 566, 567, 568 

dexamethasone suppression tests, 563, 564—567 
Placental ALR 449 
Plasma, 33 

Plasma cell neoplasia, 262 

Plasma proteins, colloidal osmotic pressure and, ^73 
Plasma thromboplastin antecedent, 183 
Plasma turbidity test, 516. 3 1 
Plasmin, 199, 201 

Platelet distribution width (PDW), 175 

Platelet factor i 183 

Platelets 

clumping, 32 

concentration, 36* 3~. 38, 4i) 
analysis of, J 61-1 62, 204 
esrimarion on blood 61ms, 41—92 
unit conversion, 9 
functions, 160 
function tesrs, 175—177 

buccal mucosal bleeding time (BMBT), 
175-176 
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clot retraction* 177 
kinetics, / 59. 159-160 
life span, 160 

morphologic features, 1 6Q~ 1 6 1 
MPV (mean platelet volume), it 
platelet suffece-;issodated immunoglobulin, 
166-168, 177-178 
pseudoth nombtxytopen ia, 162 
reticulated, 177 
stability, 3Z 

thrombocytopenia, 162-171 

causes of, 162-171 
anaphylaxis, 170 
blood loss* 168-169 
consumption of platelets, 166, 169 
destruction of platelets, 166-168 
hemodilution, 170 
hypophosphatemia, 171 
idiopathic, 170-171 
immune- mediated, 165, 166—168 
infections, 170 
myelosuppression, 164-165 
neoplasia, 170—171 
sequestration of platelets, 162, 164 
table ol, 163 
dinted signs, 162 
definition, 1 62 
thrombocytosis 

causes, table of, 1 72 
clonal, 171-172 
reactive, 172-173 

rebound* 173 

thromboposesis, 157—158, 159 
volume, 36, 173-175 

Platelet surface-associated immunoglobulin (PSAIg), 
166-168, 177-178 

Pleural fluid* triglyceride and cholesterol concentra- 
tion in, 533-535 

Po 2 (partial pressure of oxygen), 386-396, 398-399 
Poikilocyie. 95j IQL 104 
Polychromasia, 167 

Polychromaiophilic erythrocyte (polyehramatophil). 

Polyclonal gammopathy, 261 
Polycythemia, 138, 143 
Polyuria 

causes of, 3M* 307-308 
in chronic renal failure/insufficiency, 287, 288 
urine specific gravity interpretation in, 395 - 3i>7 
Polyuria/ polyd ipsu 

antidiureiic hormone (APH) response test, 334 
water deprivation rests, 332-334 


Pbodles* bone marrow dyscrasia of, 75^ SiL 102, 

m 

Porphyria, 91_, 133-139 
Poriosysremic shunts, 963 
andthrombin 111 deficiency in, 1M 
bile acid concentration, 477, -4 "9 
decreased blood urea nitrogen from, 293—294 
hyperammonemia from, M2 
hypocholesierolemia from, 52^ 
hypoferrtmia from, 146 
Potassium (K + ). 349-358 

in acid-base disorders, 399. ^5() 

anion gap and, 369. 370 
in azotemia, 298 
concentration unit conversion, 8 
fractional excretion ratio, 3 \1 
hyperkalemia, 298* 351-355. 
acidosis, 352, 354 

causes, table of* 353 
hemolysti* intravascular, 352 
hypoadrenocorticism , 354 
muscle disorders, 352 
peritoneal effusions, 355 
pseudohyperkalemia, 353 
renal disease, 353-354 
shift from ICF to ECF* 352-353 
tissue necrosis, 352 
irimethopri m- induced, 355 
urinary tract obstruction /leakage* 354 
hypokalemia,. 298 , 355-357 

alimentary loss, 352 
alkalosis,. 355 
anorexia* 355 
causes, table of, 356 
cutaneous loss* 35^ 
renal loss. 356-357 
shift from ECF to ICF, 355 

ion charge concentration, 369 
normokaiemia in acidotic or alkalotic animals, 

355 

osmolality of serum, 3~ 6 37-'- ^8. j 

physiology of. 849-350, 351 
renal processing of, 23 L 282-383 
sodium ^potassium ratio* 347-358 
Poientiomeiry* 399 
Precision, analytical, 14—16. 15 
Predictive value of laboratory assays, 72 8 2 _5, 

21 

Pregnancy hypoglycemia, ^98 
Prevalence* 23* 25. 26 
Proaccelerin, 183 
Proconvertin* 183 
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Progestins, 

Propranolol, 4yd 
Protein C, I 83, 184, 197, 203 
Pnoteimcreatinine ratio, urinary, 32 8-33 fl 
Protein- losing dermaropathy 266 
Protein- losing enteropathy, 266, 522 
Protein -losing nephropathy, 265, 315* 316 
abdominal transudation in, 345 
hypercholesterolemia from,, 526 
hype rli pop rote inernia from, 532 
iron profile in, 150 
I'rorcin S, 184, 186 

Proteins, 252—275- See also Proteinuria; specific 
proteins 

anion gap and, 369 1 370 
Colloidal osmotic pressure and, - ' 
description, 253 
dysproteinem ias 

hyperalbumincmia, 268—269 

hypcrfibrinpgcncmia, 270-271 

hyperglobulinemia, 27C 
hvperprotei nemia, 259—264 
hypoalbuminemia, 269—270 
hypofibri n ogenemia, 27 1 -272 
hypoglobu line mill, 270 
hypoproreinemia, 264-268 

overview, 253 
excretion rate, 329 
ion charge concentration, 30 9 
measurements 
albumin concentration, 255 
fibrinogen concentration, 255-256 
immunoglobulin concentration, 272-275 
serum protein electrophoresis, 256—259, 2.5S 
total globulin concentration, 255 
total protein concentration, 253—255 
by biuret reaction, 254-255 
by refra c to metry, 253-254 
osmolality' of serum, 323 
protein creatinine rario, urinary-, i 28-330 
rend processing of, 283-284 
Proteins induced by vitamin K antagonism or 
absence (PIVKA), 195 
Proteinuria 

analysis of, 312-313 

henzethonium chloride assay, 3 I 3 
Coomas5ic brilliant blue (CBB) assay, 313 
reagent strip method, 312 313 
sutfosalicylic acid (SSA) turbidity, 115 
trichloroacetic acid (TCA) method, 313 
physiology; .3 1 2 

protein-losing nephropathy, 31 5 


types, 314 

glomerular, 3 - jl4 

hemorrhagic, 314-315 
inflammatory, 314-315 
prerenal, 313 
tubular, 3 14 

Prothrombin, 183 
Prothrombin time (PT) assay 
causes of prolonged, 191. 205 
international normalization ratio, 19! 1 9 2 

interpretation, 191, 203, 204 
in liver disease, *65 
method, 190-191 
sample processing, 187 
Thrombotcst PT, 195 
Protozoal infections. See also Parasites 
hemolytic anemia from, 1 35 1 3~ 

Proximal rend tubule, 281, 2H5 
acidosis, 31 1-312 

conservation of bicarbonate fHCOf ), 364 
PSAIg. See Platelet surface-associated immunoglob- 
ulin 

Pseudochylous effusion, 535 

Pseudohyperkalemia, 353 

Pseudohy pe rpaiathy ro id ism , 406—407 

Pseudohyponatremia, 348-349 

Pseudohypoparathyroidism, 410, 427 

Pscudo-Pdgcr-Huet neutrophils, Bil 

Pseudothrombocytopenia, 162 

Psychogenic polydipsia, 3flS 

PT See Prothrombin time (PT) assay 

PIT See Partial thromboplastin time (PIT) assay 

Puerperal tetany, 411-412 

Pulse oximetry, 388-389 

Pure red ceil aplasia, 3 1 3- 1 1 4 

Pyknocyte, 101, i04 

Pyometra, polyuria In, 308 

Pyroxidine (vitamin BJ deficiency, XQ& 

Pyruvate kinase deficiency, I 32 
Pyuria, 321-322 

Quantitarive huffy coat (QBC) analysis, 3% 39- T,) 

Radiation, non regenerative anemia and, 1 1 3 
Radiographic film digestion, 516 
Radioimmunoassay, for thyroid hormone, 542 
Random analytical error. See Precision, analytical 
Random error, 21 
RBC- See Erythrocytes 

RDW (red blood cell distribution width), 38 
Receiver operating characteristic (ROC) curves. 28, 
23 
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Red blood cells. See Erythrocytes 
Reference distribution. I t). I LL 
Reference intervals 
differences in, IS 

distribution of reference values, 10. 1 2. LI 
establishing, 1 1-13 
normal versus abnormal values. 10-1 1 
terminology; 10—1 1 

Reference laboratory advantages and disadvantages, 
20 

Reference range. Hi 
Reference sample group, jJA, LI 
Reference standard solution. Hi 
Rcfractometers, 3&L : o I - 302 , 302 
Refractometry for measuring total protein, 253—254 
Refrigeration test, 335 
Regenerative anemia, l(h- 1 » t W 
Renal disease 
acute, 287-288 
chronic, 281U2B7, 288 
effects of 

abdominal transudation, 345 
amylase level, 454—455 
anion gap increase, 3~3 
hormonal and mineral patterns, A2E 
hypercalcemia, MS 
hyperkalemia, 353-354 
hyperparathyroidism, secondary, 4/1-412 
hypocalcemia:, 4 1 4 
hypokalemia, 356-357 
hyponatremia., 346-347 
hypophosphatemia, 421 
hypovjtaminosis D, 427 
Lipase level, 455-456 
metabolic alkalosis, 366, >6" jfiB 
NaLK* ratio decrease, 358 
non regenerative anemia, JJ_= 1 1 
protein-losing nephropathy, 265, 315, 3/6 
abdominal transudation in, 345 
hypercholesterolemia from, 526 
hyperlipoproteinemia from, 532 
iron profile in, 150 
Renal glucosuria, \ 1 ~ 

Renal system 
azotemia and, 289—292 
bicarbonate (HCO/) loss, 36 1 , 368 
chloride (Cl“) resorption and excretion, 339 
hydrogen ion (H *) loss, 366 
physiological processes 

concentration and dilution, 28^-286 
glomerular filtration, 2 ~9. "9 2 SO 

tubular processing ol solutes, 280-286, .?#/ 


bicarbonate {HCOj“% 2S2 

calcium (G***) , 283 

chloride (Cl ), 282 

creatinine, 2 84 

glucose, 283 

magnesium (Mg 2- ). 383 

phosphate (F0 4 ). 283 

potassium f K*), 382- 2,8 3 

proteins and amino acids, 283-28 * 

sodium (Nft*), 2fi2 

urea, 28 -i 

water resorption,, 28 t 

plasma flow, 2Kb 289-290 
potassium (K*| excretion, 350 
Reproducibility. See Precision, analytical 
Respiratory acidosis, 390, 391 

bicarhonatq buffering system and, >. k ■ 
compensatory, 3"1 ■ 393 
Respiratory' alkalosis., 421 
alkalinuria from. 31 2 
bicarbonate buffering system and, . >-S- 
compensatory, 390, 393 
hyperchloremia in, 36 1 
Reticulated platelets, 177 

Reticulocyte concentration (RC) (absolute reticulo- 
cyte count) j 44 
Reticulocyte count, i (>3 
Reticulocyte percentage, 4JL ii_ _l 
R eticulocyte production index (RP1), 

Reticulocytes, -i 2=4 5 , a(L 96 
concentration (absolute reticulocyte count), 44 
corrected reticulocyte percentage, 44 
description, 42 
life span, 42 

percentage (reticulocyte count), :tIL i V- t-* 
production index, -H -O 
rettculocytosis, 4 1 j 9&» 1 ILL 

staining, 42 
types, 43 

Rhabdomy oly s is 

anion gap, increased, i_L 
hyperkalemia from, 352 
Right s-hifi, ill 

ROC (receiver Operating characteristic) curves, 18- 

21 

Romanowsky stains, 11 
Rosenthal biopsy needle, 229 
Rouleaux, 91 

Rubricyiosis (normoblastemia) 
appropriate, 91 
inappropriate, 93 
Rumen overload, 41 5 
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Ruminal acidosis, hypernatremia from, 343 
Russell viper venom lime (RWT), 195. 203 

Sail poisoning* 343 
Sample collection „ 13 
Sample handling. 13 
Sample quality* L - 1 3 
Sarcocystis spp., ZS 
Sehiiocyte, 101, iM 

Sediment, urine. See Urinalysis, sediment examina* 
lion 

Sensitivity 
analytical, LZ 

diagnostic, 22, 23* 2£ 2L 28* 21 

Sepsis 

hyperglycemia in, 405 
hypoglycemia from, 498 
Sequestration of platelets, 162-164 
Serum, 33 

Serum protein electrophoresis, 256-259* 258 
in hypcrprotcinemia disorders, 261-264 
in hypoprotdncmia disorders, 265, 266, 267 
lipoproteins, 522* 123 

SIADH (syndrome of inappropriate ADH secre- 
tion), 348 

SID. See Strong ion difference 
Siderocyte* 99 
S idcr olcukocvte , "4 

Siderotic granules (Pappenheimer bodies}, 

9ft. 9 9 

Single radial immunodiffusion (SRJD), 263 
SI units, 6-9 

SLR. See Systemic 3 up us erythematous 
SO*. See Sulfate 
Sodium (Na + ), 349-349 
analysis ot, 341-342 
anion gap and, 369. 370 
concentration unit conversion, & 
fractional excretion ratio* 331-332 
hypernatremia, 342—343 
from sodium excess, 343 
from water deficit. 342-343 
hyponatremia, 346—349 
alimentary loss, 346 
cutaneous loss, 347 
in edematous disorders* 348 
in extracellular fluid expansion, 348 
pseudohyponatremia, 348-349 
renal loss, 346-347 

shifts between intracellular and extracellular 
fluid compartments, 348 
third-space loss, 347-348 


ion charge concentration, 369 
normonatremia in dehydrated or edematous 
animals 

congestive heart failure, 344 
hepatic cirrhosis, 345 
nephrotic syndrome. 345 
osmolality of serum, 373-378. 377 
physiology of, Vi ll 
renal processing of, 281. 282 
sodium rpot&ssium ratio, 357-358 
Sodium sulfite (Na 3 C0 5 ) precipitant test, 275 
Somogyi effect* 496 

Sorbitol dehydrogenase (SDH). See Id trot dehydro- 
genase (ID) 

Specific gravity. See Urine specific gravity 
Specificity 

analytical, lfi-17 
diagnostic* 22* 23. 24, 27. 28. 29 
Spermatozoa, in urine, 326 
Spherocytes, 95, 1 0 1 . 104. 1 26 
Spherocytosis, 137 
Splenectomy, 9i 173 
Splenic contraction, 95 

eryihrocyrosis from, 14(1, Ml 
platelet mobilization by, 1 60 
Splenic erythrocytes, 89 
SpO a (hemoglobin saturation), 399 
SRID (single radial immunodiffusion), 273 
Staining 

blood film, 40-4 1 
bone marrow biopsies, 230 
Standard solutions 
calibration* lh 
reference, 16 

Standing plasma test, 535 

Staphylococcus intermedins , cholestasis from, 474 

Surch digestion test, 516* 517 

Steatorrhea, 465 

StercobiLinogen, 92 

Stewarts method of acid-base analysts, 393-398 
Stomatocyte, 101 , 104. 143 

Stress-associated conditions* See also Glucocorticoid- 
associatedftnduced conditions 
eosinopenia* 72 
hypercortLsoiemia, 559 
lymphopenia, 62, 59- 7 0 
monocytosis, 22) 
neutrophilia, $9 6tf, 61 
Strong ion difference (5 ID), 393-398 
anion gap compared, 3^2 

definitions, 394—395 
equations, 395-346 
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formula, eompari soils, 396—397 
interpretation of values* 397-398 
Struvite crystals, 323 
Stuart factor, 183 
Sulfasalazine, 3 1 5 
Sulfate (SOJ 

anion gap and, 369, 370, 370 
ion charge concentration, 369 
Sul fosalicy lie add (SSA) turbidity assay, 313 
Sweating 

hypokalemia from, > " 
hyponatremia from, 39" 

Systemic error, 2J 

Systemic lupus erythematosis (SLE), 168 

T y Triiodothyronine 

TjAA. See Triiodothyronine, autoantibody 

T 4 , See Thyroxine 

T*AA. Sire Thyroxine, a utoantibody 

Tacalcttol, 407 

Tamm -Horsfall niucoproreins, 324-3 23 
TBG, See Thyroid hormone-binding globulin 
Teehnicon (ADYIA®) analysers, 31 
TgAA, ArThyroglobulin, autoantibody 
Thfiicri* spp. T 9Z+ 1 36 
Thiazide diuretics 

hypercalcemia from, 498 
hypochlorcmia from, 362 
hyponatremia from, 34" 
metabolic alkalosis from, 366 
Third -space loss, 338 
Thom test, 570—571 

Thrombin-anti thrombin III (TAT) complexes, I 9~ 
1 hrombin clotting time (TCT). See Thrombin time 
assay 

Thrombin time (TT) assay, 216 
causes of prolonged,. 192-193 
interpretation, 192. 203 
method, 192 
sample processing, 187 
Thrombocrit, 161 
Thrombocytes. See Platelets 
Thrombocytopenia, 162-171 
causes of, 162—171 
anaphylaxis, 170 
blood loss, 168-169 
consumption of platelets, 166. 169 
destruction of platelets, 166—168 
hemodiJution, 170 
hypophosphatemia, 1 2 1 
idiopathic, 170-171 
immune-rnediatcd, 165, 166-168 


infections, 170 
myelosuppression t 164-165 
neoplasia, 170-171 
sequestration of platelets, 162, 164 
table of, 163 
clinical signs, 162 
in consumptive coagulopathy, 209 
definition, 162 

megakaryocyte hyperplasia, 236-237 
megakaryocytic hypoplasia, 239 
Thrombocytosis 
causes, table of, 172 
clonal, 171-172 
hyperkalemia and, 353 
reactive, 172-173 
rebound, 173 
Thrombopoiesis, 172 
Thrombopoietin, 157-158 
Thrombosis 

clinical signs, 210 
definition, 210 

hemostatic abnormalities, 21 3 
Thrombotcst FT, 195 
Thyroglobulin, 540, 541 

autoantibody (TgAA), 543, 547 
defective synthesis, 545 
Thyroid gland, 540-142 
analysis 

free T„ 542, 147 
freeT*, 542, 146 
interpretation, 559-552 
canine profiles, 550-551 
feline profiles, 552 
sample, 541-542 
T 4 tTSH and tT 4 :T5H ratios. 550 
thyroglobulin autoantibody ( TgAA) titer, 543, 
547 

thyroid stimulating hormone (TSH) concen- 
tration, 542-543, 547 

thyroid stimulating hormone (TSH) response 
test, 548 

thyrotropin releasing hormone (TRH) 

response test, 548 

thyroxine auioantibody (Tp\A) titer, 542, 543, 
547 

total Tj, 542, 547 

total T*, 142, 544—546 

tri iodorhyronine (T,) suppression test, 

548^550 

in cats, 548-549, 549 
in horses. 549-550 
unit conversion, 541 


Copyrighted material 


608 


INDEX 


Thyroid gland (wntinuttfi 

hormonal control of, 540, 541, 54/ 
hyperthyroidism, 26, 308, 420, 495. 544 
hypothyroidism, 1 i 5, i-lr. : . 526, - 28. 531-532, 
544-546 

neoplasia of, 544, 545 

Thyroid hormone-binding globulin (TBG), 540 
Thyroiditis, polyuria/ polydipsia in, .iQ-H 
Thyroid stimulating hormone (TSH), 540, 54/ 
assays for, 542-543, 547 

concentration unit conversion, 9 
deficiency, 545 
increased concent nit ion t 547 
X|tTSH ratios, 550 
TSH response test, 54 8 

Thyrotropin releasing hormone [TR.HL 540, 541 
TRH response test, 546 
Thyroxine (T<) 

autoantibody, 542, 543, 547 
free ¥4 

cuncentration an plasma and serum, 541—542, 
546 

concentration unit conversion, 8 
decreased, 546 

diagnostic value of, -'■> 28, 22 
rr/rSH ratio, 550 
increased, 546 

interpretation of concent ration* 551—552 
hormonal control of synthesis, 540—541, 54/ 
hyperglycemia from, 49 5 
magnesium effects, -1 1 1 

protein binding, 540-541* 54/ 
total T* 

concentration in plasma and serum, 541-542 
concentration unit conversion, 2 
diagnostic value of, 26 2S, 27 
fluctuations in, 640 
hyperihyroKemia, 544 
hypothvToxcmia, 544-546 
interpretation of concentration, 550-552 
T j, suppression test, 548-550, 549 
I 4 :TSH ratio, 550 
tissue factor, 183 

Tissue factor pathway inhibitor (TFPI), 186 
TLl, 5fff Trypsin-like im mu noreactivity (TLI) 
Tonicity, 372 
Torocyte, 101 , 1H4 

total carbon dioxide (tC0 2 ) concentration. See 
Carbon dioxide 

Total globulin concentration, determining, 255 
Total protein concentration. See also Proteins 
concentration unit conversion. 9 


decreased (hypoproteinemia), 264-268 
increased (hyperproteinemia), 259—264 
measurement pf t 253-255 
Toxic neutrophils, ~ 1 75 
Toxoplasma, gondii, 29 
Transferrin, Ui 147-146 

percent transferrin saturation, 146 
in scrum protein electrophoresis, 258, 259 
Transfusion 

pdsttransfusion purpura, 168 
reaction, hemolytic, 1 2~ r — 1 2K 
Transitional epithelial cells, 326 
TRH, See Thyrotropin releasing hormone 
Trichloroacetic add (TCA) assay, for proreinuria, 

313 

Tricbum vulpta, 358 
Triglyceride, 524 
analysis, 527-528 
concentration unit conversion, 9 
bypenriglyceridemia, 528 
hyjxjtriglyccridernia, 328 
physiology, 527 

in pleural or peritoneal fluid, 538-536 
Triiodothyronine (Tj). See aba Thyroid gland 
analysis of, 541, 542, 547 
autoantibody (TjAA), 547 
hormonal control of, 540-541, 541 
suppression test, 548-550 
total t*mm free, 542 

Trimethoprim- induced K + retention, 354 
Trimethoprim-sulfadiazine, thrombocytopenia from, 
164-165 

Trypanosoma spp., 1 36 
trypsin -like immunoreactivity (TLI), 456 
analysis of, 51)9 
decreased, causes of, 511 
increased, causes of, 5(19, 51 1 
physiology of 510 

TSH. See Thyroid stimulating hormone (TSH) 

TT, 5ife Thrombin time ( IT ) assay 
Tubular proteinuria, 314, 314 
Tumor lysis syndrome, 415 
Tumor necrosis factor (TNF), 530 
Tyrosine crystals, 323 

UN. See Urea nitrogen 
UN:Crt ratio, serum, 296 
Units 

abbreviations lor common, Z 
amount versus concentration, 7, LO 
conversion formulas, table of 8-9 
SI units versus non-Sl (conventional) units, 6—7 
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Urate crystals, 323- 65 
Urea 

aJkalinuria and, M2 

azotemia from increased production, 290 
concern ration unit conversion, 9 
osmolality of serum, 374—378, A 
physiologic processes related to, 292 
renal excretion, causes of increased, 294 
renal processing of, Z8-J 
toxicosis in cattle* 483 
Urea nitrogen (UN) 
concentration 
analysis, 292-293 

«vru creatinine (Crt) concentration, 295-296 
decreased, 293—294 
increased [Set 1 Azotemia) 
unit conversion, £ 

Osmolality' of serum, M ^ 

Uremia, 289 

Uric acid crystals, 323 

Urinalysis, 298—334 

chemical examination of urine, 308 22 i 
bilirubin* 319-330 
glucose, 315* 312 
heme (blood), 318-31 9 
ketones, 317-318 
leukocyte esterase, 321 
nitrite, 320-321 
overview, 308-3 Hi 

pH, 310-312 
protein, 312-315, 316 
urobilinogen, 320 
collection method, 209 
components of* 298 
physical examination of urine, M 0 3 ii 1 
clarity, 300 
color* 300 

solute concentration, 300-308, At if -AHA 
quantitative analysis, 326-332 
24-hout excretion study, 327—328 
analyte utine:plasma ratios, 328 
fractional excretion (F.E,) ratios, '■ 30 332 
overview, 326—327 

protein 'creacine ratio (urinary), 323-330 
result* table of expected* 299 
sediment examination* 321-326 
abnormalities* table of, 323 
bacteria, 324 
casts, 324-325 
crystals* 323, 326 
epithelial cells* 3 2 3 326 
erythrocytes, 322 


leukocytes* 321-322 
lipid droplets* 326 
overview, 321 
spermatozoa* 326 

Urinary' bladder rupture, hyperphosphatemia from, 

419 

Urinary system, 2~9 33t 

antidiuretic hormone (ADH) response test, 3>--t 
azotemia* 289-292 

abnormal serum chemistry results in, 297-298 
differentiating, guidelines for, 291-292 
postrenal, 290 
prerenal, 289-2911 
renal, 290 

creatinine clearance rare, - 1 1 1 > 
creatinine concentration, 294-296 
physiological processes* 2 ■) 286 
renal failure/ insufficiency 
acute, 287-288 
chronic, !Hh 8 , 288 

urea nitrogen concentration, 292-294, 295-296 
urinalysis, 298-334 

chemical examination of urine, 398-3^1 
bilirubin, 3 1 9-32Q 
glucose. 315, 117 
heme (blood), 318-319 
ketones, 3 1 7-3 1 8 
leukocyte esterase, 321 
nitrite, 320-32 1 
overview, 308 31 0 
pH, 310-312 
protein, 312-315, 3/6 
urobilinogen, 320 

physical examination of urine, 300-308 
clarity, 300 
color* 300 

solute concentration* 301! -3218* iOI-AQA 
quantitative analysis, 326-332 
24-hour excretion study* 327-328 
analyte uritieLplasma ratios, 328 
fractional excretion (EE*) ratios, 330 132 
overview, 326-327 

protcinrereaiiniite ratio (urinary), 3. 1 S-33Q 
result, table of expected, 2 l, l |, -> 
sediment examination, 321—326 
abnormalities, table of, 323 
bacteria* 324 
casts, 3 'A - 121 
crystals* 323* 326 
epithelial cells* 321 126 
erythrocytes, 122 
leukocytes, 321—322 
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Urinary system {continued) 

Eipid droplets, 326 
overview, 321 
spermatozoa, 326 
water deprivation tests 
abrupt , 312 
gradual, 333=334 
modi bed, 334 
reasons for, 3^2- 333 
Urinary tract obstruction 
acidemia in, 36 T 
hyperkalemia from, 354 
hypocalcemia from, 41 4 
IWiK* ratio, decreased, 358 
posrrenal azotemia from, 290 
Urine cortisol; creatinine (Cort;Cri)„ ratio, 560-561, 
561 

Urine y-glutamyliransferase acrivity ro creatinine 
concentration (CiCiT:Crt) a , 451—452 
Urine indican rest, 2] I 
Urine nitrosonaphthol test, 51Z 
Urine:plasma ratios, 328 
Urine .specific gravity 

in azotemia differenriarion, 291 
expected values, 2 '.>9. 304—305 
interpretation ol values, .303 307 
as osmolality' estimate, 303, 303—304 
reagent strip for estimating, 304 
refractive index as estimate of, - Hf'i . 30 1.-302. 3 02 
in renal fai lure/ i nsufficirncy, 2!v- 3S " 
of tubular fluid, 285 
urine volume relationship, 304 
Urobilinogen, 93 
Urobilinogenuria, 192 
analysis of, 320 
causes, 320 
physiology of, 320 
Urolithiasis, 326 

Validating laboratory methods, 21-22 
Vasculitis, Thrombocytopenia, 169 
Vasopressin, 5ee Antidiunctic hormone (ADH) 
Vtnom, hemolytic anemia from, 1 3 ~ 

\try low-density lipoprotein (VLDL), 523, 524, 
531-533 

Veterinary Laboratory Association (VLA9, |2h IS. 
Vinblastine, 172 
Vincristine, 172 

Vitamin B (l (pyroiidtne) deficiency, IDS 
Vitamin Cohalamin 

Vitamin D 

actions of, 436 


analysis of, 426-427 

calcium effects of, 283* 403-404, 407, 410 
endogenous sources, 407 
exogenous sources, 407 
formation of, -426 
hypervitaminosis D, 427, 425 
KypovitaininosLS D, 410, 427 
Vitamin K 

antagonism, 204, 206, 2Q7 
bleeding disorders and, 206, 207 
coagulation factors and, 184 

deficiency, 204, 206, 207 

malabsorption of, 206 

proteins induced by vitamin K antagonism or 
absence (PIVKA), 155 
V LDL, 3ef Very low-density lipoprotein 
Vomiting, hypokalemia and, 356-357 
von Willebrand disease, 176, 178—181 
von Willebrand factor 
analysis, 179=180, 203 
genetic tests, 181 
production, 178 

Warfarin therapy 

monitoring with prothrombin time, 191-192 
vitamin K antagonism, 206 
Warm antibodies, 1 24 
Water. See also Dehydration 

anridiurcric hormone effect on water resorption, 

285-286 

resorption by renal tubules, _K 4 
Water deprivation tests, 332-334 
abrupt, 333 
gradual, 333-334 
modified, 33-* 
reaso ns for, 3 52 3 53 
Waxy cast, 325 
WBC, See Leukocytes 
WBCTr. .See Whole blood clotting time 
White biood cells. See Leukocytes 
Whole blood clotting time (WBCT), 188-189 
Wint robe's erythrocyte indices, 34-35 

Xanthine crystals, 323 
Xylazinc, 496 

Xylose. See D- xylose absorption test 

Yeast, in urine, 326 

Zinc sulfate (ZnSOj lurbidiry rest, 274-275 
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